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Increasing traffic congestion and a shortage of funds available to build new roads 
are forcing the transportation infrastructure to function at its maximum capacity.  The 
limited road space available on congested urban street networks in major cities in the 
United States as well as other parts of the world, notably in Eastern Asian countries, 
represents a challenge to transportation planners and tr ffic engineers.  The available road 
space is typically partitioned according to a variety of modes: exclusive lanes for 
bicycles, buses, parking lanes, etc.  The current road space allocation for most urban road 
networks has been modified throughout the years through a process of incremental 
changes, each tailored to meet a specific demand or to respond to a specific change at the 
time.   
  
 
The questions in this research are: Is there a way to provide a solution to reduce 
congestion with minimum resources such as pavement arkings and traffic signs? 
Should different modes of transportation be included in roadway lane designation? What 
are the best possible scenarios that would provide the best measures of effectiveness? 
And how can transportation professionals provide a comprehensive analysis to 
stakeholders to allow them to make an informed decision for lane-use allocation in urban 
transportation networks? 
The approach in this study consists of investigating what relationships exist 
between the lane-use allocation on one hand and the traffic flow, traffic speed, 
environmental impact, safety impact, mobility, and accessibility on the other.  Since not 
all of the objectives can be transformed into a single monetary dimension, a multi-
objective decision-making framework is used to compare different road-allocation 
scenarios.   This method is employed to incorporate multiple and conflicting objectives 
into a process where all of them are given credence regardless of how well they can be 
estimated in monetary terms.  Further, the suggested decision-making method includes 
charts as visual tools to help decision-makers understand the results of each objective 
when corresponding to a specific scenario.  The resarch provides a unique application 
for a multimodal analysis and a decision-making method not influenced by decision-
makers’ input, and contributes to the transportation c mmunity efforts to improve 
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Chapter I: INTRODUCTION 
 
1.1. Background 
The transportation infrastructures in some major cities all over the world are 
functioning at their maximum capacity (at certain times of the day), or at a level that 
roads cannot sustain (Thomson, 2002).  The problem is getting worse due to the 
continuous increase in travel demand and the shortage of funds available (among other 
constraints) to build new roads.  The limited road space available on congested urban 
street networks represents a challenge to transportation planners and traffic engineers.  
Although constructing new capital facilities remains part of the solution to congestion 
and mobility problems, efficient operation of these facilities plays an equally important 
role (Gayle, 2003).   There is also the inability to build enough lanes to address 
congestion because of high costs of construction and right-of-way, environmental 
concerns, and community concerns.   
Road space allocation among different users might play a major role in improving 
the efficiency of roadways in terms of moving vehicles and people, encouraging fuel 
conservation, and thus improving air quality, and icreasing overall accessibility and 
mobility.  Shifting user modes from autos to alternative modes of transportation such as 
bicycles and buses, among other modes, can provide som  help in relieving traffic 
congestion and improving the environment.  This is a common goal for major cities 
around the world (Primitivo, 2002). 
For example, urban areas nationwide in the United Sates, such as the Washington, 
D.C. metropolitan area, experience severe congestion.  The data collected for 2000 by the 
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Texas Transportation Institute revealed that the Washington region remained among the 
worst three places to drive, in a country where congestion periods generally are getting 
longer (Thomson, 2002).  The institute continued to say that all across the nation the 
penalty for making rush hour trips is greater, traffic congestion periods are longer, and 
the number of streets and highways that are congested is higher.  An article in the “Better 
Roads” publication (Consdorf, 2003) revealed that te Texas Transportation Institute, in 
its 2002 Urban Mobility Study, estimated that the ov rall costs of congestion are $68 
billion a year, and that 61 percent of urban principal arterials are congested during peak 
travel times.  Transit officials continue to debate what combination of programs would 
improve things. 
Other than the United States, countries in Asia, and notably Vietnam, Thailand, 
India, Indonesia, China, The Philippines, Singapore, Bangladesh, Cambodia, Taiwan, 
Japan, and Hong Kong suffer from major congestion (Primitivo, 2002).  The gap between 
supply and demand is widening, and is aggravated by the poor quality of existing 
infrastructure. The problem is more serious in big cities where the negative externalities 
of transportation, such as traffic congestion, air pollution and traffic accidents, are 
significant.  Lack of institutional capability and capacity is often cited as among the 
causes for the worsening situation.  It is in this area that this research can make a 
significant contribution. 
If we assume that infrastructure improvement will always follow an incremental 
expansion path (limited availability of construction resources alone assures this), then 
lessons about how that path does or does not lead to n efficient final solution are very 
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valuable.  In fact, simply having a process defined by which to make these assessments is 
an important contribution. 
The current road space allocation for most urban rod networks has been modified 
throughout the years through a process of incremental changes, each to meet a specific 
developmental demand requirement, to mitigate the effect of a change in land use, or to 
improve a specific demand for a specific time.  Several questions are addressed in this 
study and include:  did these incremental changes lead to the most efficient road 
allocation for the various transportation modes vying for it?  Is there a way to provide a 
solution to reduce congestion with minimum resources such as pavement markings and 
traffic signs? Should different modes of transportation be included in roadway lane 
designation? What are the best possible scenarios that would provide the best measures of 
effectiveness? And how can transportation professionals provide a comprehensive 
analysis to stakeholders to allow them to make an informed decision for lane-use 
allocation in urban transportation networks?  Further, the study investigates what are the 
relations between the lane-use allocation on one had and traffic flow, traffic speed, 
environmental and safety impacts, mobility, and accessibility on the other hand.  The 
lane-use allocation can be described as the distribution of the public right-of-way 
available between the two curbs on each side of the road among mixed-traffic lanes, 
exclusive bus lanes, bicycle lanes, and on-street parking lanes. 
Specifically, this study describes an effort to develop a decision method that can 
be used to justify and design different lane-use alloc tions in an urban street network.  It 
is an effort to bring together the disciplines of transportation planning and traffic 
engineering and to reduce congestion with benign resources where possible, such as 
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pavement markings and traffic signs.  The core of the suggested method to achieve this 
goal consists of comprehensive evaluation and comparison of different alternatives of 
lane usage among variable modes of transportation.   
An approach taken to solve similar problems in the past consisted of focusing on 
one objective:  to minimize total “cost,” where allre evant outcomes were monetized.  
This study suggests that part of this evaluation can be performed by computing some of 
the cost associated with each alternative, but the ot r part should depend on evaluating 
non-monetary factors such as mobility, accessibility, environmental impact, and safety 
impact associated with each alternative.     
The total monetary cost includes the operating costfor each mode of 
transportation and the costs incurred by users, which in each case depends largely on the 
average travel speed of the selected transportation mode.  A traffic simulation model is 
applied to generate traffic data for different alternatives and to estimate the average travel 
speed for each lane-use alternative.  The traffic flow and speed data are compared and the 
total travel time is calculated.  Once the total trvel time and delays for each mode of 
transportation are determined for each alternative, hey are used to determine the cost of 
delays.   
The traffic simulation model applied in this study is VISSIM (2004) - a 
microscopic, time step and behavior-based simulation m del developed to model urban 
traffic and public transit operations.  This software, designed for multimodal analysis, 
allows the integration of all relevant modes of transportation into one consistent network 
model.  Other than the average travel speed for each mode, the output of this software 
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includes travel time, delays, and other measures of ffectiveness.  The measures of 
effectiveness (MOEs) are used to compare alternatives. 
It should be noted here that since each alternative has a different lane-use 
allocation, the average speed for each transportatin mode will change and thus, the 
travelers’ decision on mode of transportation choice might change as well.  This issue 
affects the number of travelers using each mode of transportation.  For example, some 
travelers might consider biking to work if bicycle lanes are more available and less 
congested than mixed-traffic lanes or bus lanes.  Efforts were made to develop a model 
combining modal split and equilibrium assignment, as will be noted in chapter two.  
Because this remains an open field of study, with a number of models vying for 
acceptance, and perhaps new ones forthcoming, this method refrains from choosing a 
method to integrate these steps.  Instead, the morecautious process of using VISSIM to 
do the microsimulation-assignment models is suggested, along with the application of a 
sensitivity analysis to provide information about changes in the performance of the 
transportation system when the traffic flow of one or more modes of transportation 
changes. 
Other than comparing the operating costs and the cost of delays, to achieve a 
more comprehensive evaluation of alternatives, bicycle operation, environmental and 
safety impacts, mobility, and accessibility are also considered in the evaluation.  Bicycle 
operation is evaluated by using the Bicycle Compatibility Index developed by the Federal 
Highway Administration (FHWA, 1998).  Mobility is evaluated by quantifying person-
miles or by calculating the travel time needed to reach a specific point of attraction such 
as a Central Business District (CBD).  Accessibility s evaluated by quantifying the 
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number of people who can reach this CBD within a specific period of time.  
Environmental impact is assessed by comparing emission data generated by different 
models for each alternative.  Emissions are calculated using Mobile6 (2003), a method 
authorized by the Environmental Protection Agency (EPA), which will be described in 
chapter four.  Safety impact is evaluated by using a  accident prediction algorithm 
described in section 3.4.6. 
Since there is no single way to measure transportati n performance that is both 
convenient and comprehensive (Litman, 2003), this study investigates the possibility of 
using a multi-objective decision-making framework to determine how it can be applied to 
decide on which alternative is better than another in relation to:  reducing costs and 
delays, improving safety, mobility, accessibility and air quality, and reducing pollutants.  
One important feature of the multi-objective decision-making approach is its capability of 
allowing many intangible objectives that are difficult to express on an absolute numerical 
scale to be considered without the need to convert th  units into a monetary scale.  The 
application context is that of real decision-makers as essing real alternatives, so the tools 
are aimed at a level of practicality appropriate for that setting. 
 
1.2. Research Objectives  
The main objective of this study is to develop a decision-making process that 
allows officials and stakeholders to make an informative choice for a lane-use allocation 
scenario in an existing urban transportation network.  The network includes mixed-traffic 
lanes, exclusive bus lanes, bicycle lanes, and on-street parking lanes.  This issue is 
connected to developments review, permits, and master plans performed by local 
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government agencies.  Although the study can be extended to include sidewalks and 
pedestrians, this research is limited to the existing paved surface between curbs.  The 
ideal solution is the one that provides less overall cost for users and road system, less 
travel time and delays, better air quality, better traffic safety conditions, and better overall 
mobility and accessibility.  It is not expected, however, that all objectives would be 
achieved simultaneously. 
Another objective for the study is to provide a bridge between transportation 
planning and traffic engineering, demonstrating that ogether, they can present a solution 
for a common problem:  road congestion.  Often, some transportation planners do not 
consider some potential traffic operation problems during the planning phase and traffic 
engineers frequently blame some of the congestion pr blems on poor design.  This 
objective is achieved in this study by using a traffic simulation software platform during 
the planning phase in an effort to improve traffic operations, and the attempt to fully 
include engineering assessments in the decision support tools offered to decision makers.   
The study also suggests and encourages the use of different travel options in a 
congested network, and looks into increasing safety by separating bicycles from buses 
and from motor vehicles.  The recommended simulation software allows the integration 
of those different modes of transportation. 
Finally, an objective of the study is to develop specific charts demonstrating how 
different scenarios of lane allocation, i.e. different lane-use and lane-width, for a specific 
road-width, can affect costs, road capacity, delays, nd the environment.  The charts are 
developed by using the results obtained from the outcome of each scenario’s performance 
and they show the impact of the trade-offs in road-space allocation among different 
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modes of transportation.  They are then presented to stakeholders in the form of a survey 
so they can make a final decision on their preferred alternative.  Field-testing a suite of 
those performance measure charts is a part of this objective. 
 
1.3. Organization  
Chapter two of this research describes previous resea ch and related literature.  In 
the third chapter, the methodology, and the tasks that were performed to develop the 
suggested method are presented.  Chapter four provides a numerical example where the 
proposed process is applied, and chapter five presents the study assumptions and 
limitations.  The research ends with a conclusion and general recommendations, 
including those for future research. 
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Chapter II: LITERATURE REVIEW 
 
2.1.  Overview  
Several topics of interest are connected to this research and this chapter highlights 
some of the work done previously in the different related fields.  For example, since this 
study deals with exclusive bus lanes and bicycle lan s, research related to exclusive lanes 
and their effects as well as lane-use research in general is presented.  It also includes 
research performed in measuring mobility and accessibility, a few multimodal network 
equilibrium models, and multimodal simulation computer programs, one of which is used 
in this research.  Finally, some review is included for measuring environmental and 
safety impacts, and for applying multi-objective decision-making techniques to solve 
similar transportation problems.  The role of the lit rature review here is to provide 
insights of previous research efforts in several areas related to this study while exploring 
the most promising method to solve the current problem.   
 
2.2.  Exclusive Bus Lanes 
One of the options available when designating travel lanes in an urban 
transportation network is to consider exclusive bus lanes.  This section presents literature 
about exclusive bus lanes and methods to measure thei  performance. 
Several studies and papers have been published about excl sive lanes for special 
purposes, e.g., for buses, carpools, high-occupancy vehicles (HOV's) and bicycles; 
however, not much has been written on generalizing that into a road-space allocation 
problem.  The use of bus lanes might be justified un er the grounds that bus lanes allow 
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more efficient bus services, and buses represent an important mode of transportation, 
especially since they can potentially carry more passengers than automobiles. The use of 
buses as a transportation mode has several other advant ges: a) It decreases the need for 
private vehicles and thus relieves vehicular traffic congestion in the downtown area 
through efficient use of right-of-way, b) it increases roadway capacity during peak 
periods and provides a minimum level of accessibility to individuals without access to 
vehicles, c) it provides an affordable, and for many people necessary, alternative to 
driving, d) it is less stressful and can be convenient and faster than driving, and e) it is 
also essential for some students and senior citizens.  On the other hand, when bus lanes 
are justified on the grounds of safety and efficieny, since buses do not interact or 
conflict with other modes of transportation in this case, the space taken away from mixed 
traffic can create congestion due to capacity constraints and it can lead to an inefficient 
use of travel time for the mixed traffic.   
This section describes several exclusive bus-lane studies conducted for street 
networks in the United States, India, and South Korea, where exclusive bus lanes on 
urban networks were evaluated by comparing collected traffic data before and after 
implementation.  It also highlights studies evaluating ransit performance measures. 
 
2.2.1.  Bus Lanes Studies 
Erdman and Panuska (1976) performed a study to identify a d measure the impact 
of exclusive bus lanes on a two-directional roadway ith two lanes in each direction in 
the Baltimore metropolitan region.  Even though automobile total trip time increased and 
bus total trip time decreased after the implementation of the exclusive lanes, it was 
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determined that the trip from home to work during the morning peak period, for example, 
would still take the average commuter more than 50 percent longer if he/she used the bus 
rather than a passenger car.  This time did not include either the time necessary to travel 
from the house to the bus stop or the waiting time at the bus stop.  The authors concluded 
that for the majority of the time the bus lane proved to be detrimental to both automobile 
and bus movements, insofar as travel time was concerned. 
After exclusive bus lanes were introduced for the first time in Delhi, India, in 
1976, Sarin et al. (1983) responded to the Delhi Traffic Police request to evaluate the 
functioning of exclusive bus lanes in Delhi.  The study revealed that the system failed and 
that this was mainly due to the non-compliance of road-users; consequently, it was 
discontinued in 1981.  A similar challenge will likely face most third world countries 
unless traffic laws are strictly followed and enforced. 
Unlike the two previously mentioned studies in which exclusive bus lanes did not 
help reducing congestion, Choi and Choi (1995) conducted their study in South Korea 
and concluded that the bus-lane use was successful.  The travel time for buses was 
significantly reduced, a modal shift from car to bus was estimated to be more than 12%, 
and accident rates were reduced.  The success of exclusive bus lanes was partially 
attributed to public acceptance, which can differ widely from one country to another. 
Another bus Rapid Transit study was conducted in Boston, MA, for the Silver 
Line BRT service (Ivany, 2004).  The 60-foot long buses were running on 5-minute 
headways, and the average daily traffic (ADT) was 10,000 on a one-lane road in each 
direction.  On-street parking was a key element of the community’s acceptance of the 
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project: “From a traffic engineering standpoint, the elimination of the on-street parking 
would have been ideal in reducing traffic conflicts and allowing even wider sidewalks for 
pedestrian amenities.  However, this was unacceptable for the residences and businesses 
along the corridor.” The bus lane was also used for bicycles and traffic making right 
turns.  Community acceptance allowed the transit project to move forward.  Ridership 
was higher than expected and traffic operations for transit have been relatively smooth 
for both the bus service and for general traffic.  
The studies in this section show that public acceptance of exclusive bus lanes, 
road-users’ compliance and enforcement are important factors upon which exclusive bus 
lanes can be successful.  It should also be noted that exclusive running ways and traffic 
signal pre-emption can help delivering patrons more efficiently (Kimbler, 2005).  Bus 
rapid transit operations can also be optimized by using Global Positioning System (GPS) 
technology to locate and announce bus arrival times.  This would significantly improve 
the quality, ease of use and reliability of the bus. 
 
2.2.2.  Bus Performance Measures 
Bus performance measures are limited in this study o bus average speed, travel 
time, delay, and the associated costs.  It should be noted, however, that bus performance 
measures include a wide variety of different measure  related to the operator, the 
passenger, and the vehicle operation.  The Highway Capacity Manual (HCM, 2000) 
identifies several transit performance measures, and they include the travel time (total trip 
time), hours of service, extent of service (route miles of service), reliability (on-time 
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performance), accessibility (service coverage), pedestrian environment and amenities, 
transit information, transfers, cost, and appearance and comfort.   
Kittelson and Associates (1999) conducted a study to evaluate performance 
measures for an urban transit network.  The following measures were identified:  
frequency (every 15 minutes for example), span of service (hours of service), reliability 
(on-time), loading (percentage of loading capacity), and travel speed (including dwell 
time, stops, and delays).   
Also Fu, Saccomanno, and Xing (2005) evaluated transit quality of service by 
developing a comprehensive quality-of-service index called Transit Service Indicator 
(TSI).  A sensitivity analysis to the proposed TSI was applied to a realistic traffic corridor 
under a set of hypothetical service design options.  Sensitivity analysis to travel time 
variation showed 14 percent difference in TSI betwen the constant demand case and 
high demand variation case.  For the sensitivity analysis to traffic congestion, the 
proposed TSI was higher when the traffic congestion was higher, even if the transit 
service remained the same.  More investigation was recommended to examine this 
outcome. 
 
2.3.  Exclusive Bicycle Lanes 
Bicycles represent the primary mode of transportation in congested cities in 
Europe and Asia.  They also have significant use in the United States especially in 
college towns.  In recent years, bicycle lanes have become much more common than a 
decade ago.  Several local jurisdictions have started to include them in their planning 
process and several bicycle master plans have been established in urban communities.  
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The Maryland State Highway Administration started incorporating bicycle lanes in new 
projects, even those related to intersection improvements.  As an example, bicycle lanes 
were considered in the concept design plan recently prepared to upgrade the intersection 
of MD28/MD586/MD911 in Rockville, Maryland (MSHA, 2006). 
The National Bicycling and Walking Study (2004), in its ten-year-status report, 
showed how bicycling is getting more attention in the last decade.  The spending of 
federal transportation funds on bicycling and walking modes rose from $6 million in 
1990 to $238 million in 1997.  Under the Transportation Equity Act for the 21st Century 
(TEA-21) passed by the Congress in 1998, the federal transportation funds on bicycling 
and walking improvements rose from $204 million in 1998 to $422 million in 2004.  The 
study also showed that the concept of using bicycles as a mode of transportation has 
become more acceptable and realistic to people.  Bicycling trips increased from 1.7 
billion in 1990 to 3.3 billion in 2001 (National Household Travel Survey - 2003). 
The report concluded by pointing out that the transportation community came a 
long way from 1990, when the FHWA Administrator referred to bicycling and walking as 
“the forgotten modes,” to 2001 during a speech delivered by the Secretary of 
Transportation, Norman Mineta, to participants at the National Bike Summit on March 
27, 2001: “Bicycle and pedestrian facilities and programs are an integral part of our 
nation’s transportation system for the 21st Century.”  He also pledged full support of the 
Department of Transportation. 
It should also be noted than in 2005, the Safe, Accountable, Flexible, Efficient 
Transportation Equity Act: A Legacy for Users (SAFETEA-LU) bill was signed.  It 
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guaranteed $244.1 billion to fund highways, highway s fety, and public transportation 
totaling. SAFETEA-LU represents the largest surface transportation investment in the 
United States’ history.  It establishes $370 million through 2009 to continue a 
recreational trail program to develop and maintain rails for recreational purposes.  Also, 
$100 million fund was appropriated through 2009 to fund pilot projects to construct a 
network of non-motorized transportation infrastructure facilities. (SAFETEA-LU, 2005) 
This section describes several bicycle-related research projects, which include: 1) 
bicycle performance measures, 2) bikeway master plan studies in different US cities, and 
3) bicycle facilities and operational analysis research.   
 
2.3.1.  Bicycle Performance Measures 
Two major performance measures for bicycles emerged in the last few years: 
bicycle level of service (BLOS) and the bicycle compatibility index (BCI).  
 
a.  Bicycle Level of Service 
The “Level of Service” (LOS) is a widely used framework to describe conditions 
for a mode of travel in a transportation system.  For several decades, the LOS has been 
used for motor vehicles and it is usually based on average speed and travel time for 
motorists traveling on a specific road.  In the 1990’s, methodologies for bicycle level of 
service were developed and used by several cities in the US.  It should be noted that LOS 
measures for motor vehicles are different than those f r bicycles.  Bicycle LOS depends 
more on the level of comfort and safety a bicyclist experiences while riding a bicycle. 
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Landis et al. (1997) conducted the first study to develop a statistically calibrated 
bicycle-quality or level of service model based on perceptions from bicyclists traveling in 
actual urban traffic and roadway conditions in U.S. metropolitan areas.  The model was 
developed after evaluating over 150,000 miles of roads and streets across North America.  
The bicycle level of service (BLOS) model provides a value that reflects the effect on 
bicycling suitability or compatibility due to several factors.  Those factors include traffic 
volumes per lane, posted speed limit, percentage of h avy trucks, pavement conditions 
and lane width available for bicycles.  The model has a high multiple correlation 
coefficient (R2 = 0.73), and reveals that pavement-surface conditis and striping of 
bicycle lanes are important factors in the quality of service.  During a statewide 
application in Delaware, the model was enhanced and the R2 increased to 0.77.  Below is 
the equation used to calculate the Bicycle Level of Service (BLOS) model, along with the 
definitions of factors: 
BLOS = 0.507 ln (Vol15/Ln) + 0.199 SPt (1+10.38 HV)2 + 7.066 (1/PR5)2 – 0.005 
(We)2 + 0.760 
where:  
Vol15 = volume of directional traffic in 15 minutes = (ADT x D x Kd) / (4 x PHF) 
ADT = Average Daily Traffic on the segment 
D = Directional Factor 
Kd = Peak to Daily Factor 
PHF = Peak Hour Factor 
Ln = Total number of directional through lanes 
SPt = effective speed limit = 1.1199 ln (SPp - 20) + 0.8103,  
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where SPp is the posted speed limit  
HV = percentage of heavy vehicles (as defined in the 1994 Highway Capacity 
Manual) 
PR5 = FHWA’s 5-point pavement surface condition rating 
We  = average effective width of outside through lane:  
We  = Wv – (10 ft x OSPA)   if Wl = 0,  
 = Wv + Wl (1 – 2 x OSPA)  if Wl > 0 & Wps = 0 
 = Wv + Wl – 2 (10 ft x OSPA)  if Wl > 0, Wps > 0 
and a bicycle lane exists.  
where: 
Wt = total width of outside lane (and shoulder) pavement 
OSPA = fraction of segment with occupied on-street parking 
Wl = width of paving between outside lane stripe and edge of pavement 
Wps = width of pavement striped for on-street parking 
Wv = effective width as a function of traffic volume 
Wv = Wt,     if ADT > 4,000 vehicles/day 
= Wt (2 – 0.00025 x ADT),  if ADT < 4,000 vehicles/day, and if the 
street/road is undivided and un-striped. 
Bicycle Level of Service ranges are associated withlevel of service designations 
as shown in Table 1. 
This model has been applied in several bicycle planstudies including the ones 
recently completed for the City of Rockville in Maryland, and the District of Columbia.  
For example, on Nelson Street in the City of Rockville, MD, the BLOS improved from C 
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to B after bicycle lanes were installed.  The BLOS in this model is a function of the 
bicycle-lane width. 
Table 1.  Bicycle Level of Service and LOS Scores 
Level of Service Bicycle LOS Score 
A < 1.50 
B 1.51 - 2.50 
C 2.51 - 3.50 
D 3.51 - 4.50 
E 4.51 - 5.50 
F > 5.50 
 
b.  Bicycle Compatibility Index: 
The Bicycle Compatibility Index (BCI) was developed by the Federal Highway 
Administration (FHWA, 1998) and focuses on evaluating the compatibility or suitability 
of bicycle travel along existing roads based on roadway conditions and traffic operation 
factors.  It incorporates both geometrics and operation l variables important to cyclists 
while riding on roads in the presence of motor vehicle traffic. 
The BCI model was developed by using perspective of more than 200 participants 
rating 67 sites with respect to how comfortable they feel while riding.  It predicts the 
overall comfort level rating for a bicyclist.  It depends on several factors, including the 
number of through lanes, curb-lane width, presence and width of bicycle lane, posted 
speed limit, 85th percentile speed, curb lane and other lane(s) volumes per hour, % heavy 
trucks, % right-turning vehicles, exposure to parking (on-street, occupancy, parking time 
limit), and type of development area.  Currently it does not include intersection LOS for 
bicycles, but this part is under development by the Florida Department of Transportation. 
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The BCI method uses a multi-variable regression formula to calculate a value that 
provides a linkage with traditional LOS designations, A through F, with A being the best 
conditions and F being the worst.  This value ranges between one and six, where one 
indicates that a bicyclist experiences an extremely comfortable level of riding and six 
indicates that the bicyclist is “extremely uncomfortable” riding in those conditions.  The 
R2 value for the model was 0.89, indicating that 89 percent of the variance in the index is 
explained by the variables included in the model.  It should be noted that the BCI model 
is for mid-block street segments only as the ratings do not account for major intersections 
along the routes.  Below is the equation used to calculate the Bicycle Compatibility Index 
(BCI) model, along with the variable definitions, and adjustment factors. 
BCI = 3.67 – 0.966BL – 0.41BLW – 0.498CLW + 0.002CLV + 0.0004OLV + 
0.022SPD + 0.506PKG – 0.264AREA + AF 
where: 
BL = presence of a bicycle lane or paved shoulder > 0.9 m; no = 0, yes = 1 
BLW = bicycle lane (or paved shoulder) width m (to the nearest tenth) 
CLW = curb lane width m (to the nearest tenth) 
CLV = curb lane volume vph in one direction 
OLV = other lane(s) volume – same direction vph
SPD = 85th percentile speed of traffic km/h 
PKG = presence of a parking lane with more than 30 percent occupancy; no = 0, 
yes = 1 
AREA = type of roadside development; residential = 1, other type = 0
AF = ft + fp + frt 
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where: 
ft = adjustment factor for truck volumes 
fp = adjustment factor for parking turnover 
frt = adjustment factor for right-turn volumes 
Adjustment factors are presented in Table 2 below. 
 
Table 2.  BCI Adjustment Factors 
 
 






> 15 0.6 
16 – 30 0.5 
31 – 60 0.4 
61 – 120 0.3 
121 – 240 0.2 
241 – 480 0.1 
> 480 0.0 
 
 
Hourly Curb Lane 
Large Truck Volume*  
 
ft 
> 120 0.5 
60 – 119 0.4 
30 – 59 0.3 
20 – 29 0.2 
10 – 19 0.1 






> 270 0.1 
< 270 0.0 
* - Includes total number of right turns into driveways 
or minor intersections along a roadway segment. 
 
Table 3 below shows bicycle compatibility index ranges associated with levels of 
service designations and compatibility level qualifiers.  
 
Table 3.  BCI Ranges Associated with LOS and Compatibility Levels  
Level of Service BCI Range Compatibility Level 
A < 1.50 Extremely High  
B 1.51 - 2.30 Very High 
C 2.31 - 3.40 Moderately High 
D 3.41 - 4.40 Moderately Low 
E 4.41 - 5.30 Very Low 
F > 5.30 Extremely Low 
 
The BCI method was applied in different studies such as the South Carolina East 
Coast Greenway Route (Davis et al., 2005).  Since the BCI was developed for urban and 
suburban roadway segments, the authors had to adaptthe analysis procedure for 
comparative evaluation for rural roadways. 
The BCI procedure seems to be most suitable for applying in this research due to 
the fact that it depends on several factors that are considered as variables in this study.  
These factors include the number of through lanes, curb-lane width, presence and width 
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of bicycle lane, and the 85th percentile speed.  Moreover, the model has a relativ y high 
R2 value of 0.89. 
The BLOS model also has a high R2 value, although the two cannot be compared 
directly, since the dependent variables are not exactly the same, are qualitative in nature, 
and we don’t have complete information about how the subjects were instructed before 
reporting their assessments. 
 
2.3.2.  Bicycle Master Plans: 
Several jurisdictions have recently developed bicycle master plans.  This 
subsection presents some of the work performed in this field. 
 
Rockville Bicycle Master Plan: 
The City of Rockville, Maryland, USA, adopted the “Bikeway Master Plan” 
(2004) on April 26, 2004.  Its purpose is to outline a vision for improving bicycling in the 
city over a 10-year period.  Other than general guidelines and recommendations, the 
study indicates that bicycle LOS scores were calculted for over 100 roadway segments.  
The results also indicate that a number of roadways in the proposed bikeway network are 
comfortable for typical bicyclists without bicycle lanes or paths.  BLOS was used as a 
factor in the analysis, and width constraints were taken into consideration.  The challenge 
in this study is that not very many streets in Rockville were built wide enough to 
accommodate new bicycle lanes.  The proposed bikeway network was mostly based on 
connecting roadway segments between the city center a d different locations around the 
 23
city limits, and to connect different points within the city with each other.  No bicycle 
demand model was generated for this plan.   
Studies performed within this effort showed that bicycle conditions have been 
improved by changing lane striping.  The bicycle level of service was improved from “D” 
to “C” when the vehicular travel lanes were narrowed to add bicycle lanes.  Field 
measurements also showed that the 85th percentile speeds decreased from 39 mph to 34 
mph after the changes were made.  Although this could be considered a result of 
interaction between bicycles and vehicles, and thusrepresents a reduction in the traffic 
flow, it could also be considered an improvement to traffic safety.  The bicycle level of 
service model used in the study is identical to the Bicycle Level of Comfort Model used 
by the Maryland Department of Transportation (2002) to measure bicycling suitability on 
state-owned roadways in the Twenty Year Bicycle and Pe estrian Access Master Plan 
(MDOT, 2002).  
 
Washington, DC, Bicycle Master Plan: 
The draft of this master plan was published in August 2004, and the final plan was 
completed in April 2005 (District of Columbia Bicycle Master Plan, 2005). Toole Design 
Group was the prime consultant for the development of the District of Columbia Bicycle 
Master Plan, which included the analysis of existing conditions for nearly 500 miles of 
the District's roads and the identification of a route network of on-road improvements 
based on existing conditions and public input.  TheBicycle Master Plan also included 
policy and design guidelines and general goals and recommendations such as improving 
and expanding the bicycle route system and providing b cycle facilities on roadways.  
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Similar to Rockville’s Bikeway Master Plan, the proosed bicycle network for the 
District of Columbia was more focused on establishing a system that connects different 
locations around the city. 
 
Philadelphia Bicycle Plan  
A set of design guidelines was published for the Philadelphia Bicycle Plan.  
BLOS was also used for this plan, and before-and-after BLOS analysis was conducted for 
streets where bicycle lanes were recommended.  Preliminary results showed an increase 
in bicyclist's comfort level when bicycle lanes were added. A final Master Plan report for 
Philadelphia was not published. 
 
Bicycle Master Plan in Baltimore, MD: 
In early 2005, through a conversation with Mr. Frank Murphy, the lead traffic 
engineer for the City of Baltimore, Maryland, USA, it was found that the City was about 
to start working on a bicycle master plan.  The same consultant who worked on the 
bicycle master plans for both the City of Rockville and the District of Columbia, Toole 
Design Group, is currently conducting the study.  Mr. urphy also stated that due to 
limited funds, the scope of this study was expected not to exceed the scope of work 
performed in Rockville or the District of Columbia.  This means that the study would 
include general guidelines and recommendations and some BLOS for the city streets, but 
with no application for bicycle demand models or analysis of its impact on traffic flow.  
Only information about existing BLOS would be available.  
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2.3.3.  Bicycle Facilities and Operational Analysis Research: 
This subsection provides an overview of research conducted in reference to 
bicycle operational analysis, bicycle facilities, their relation with bicycle commuting, and 
network connectivity for bicycling. 
In a review of the basic research in bicycle traffic science, traffic operations, and 
facility design, Taylor and Davis (1999) presented a comprehensive review of published 
basic research in bicycle traffic science.  Research related to this study included topics in 
reference to traffic flow at intersections, capacity and level of service for bicycle lanes, 
computer simulation and geometric design concerns such as bicycle facility width. 
The only study referring to traffic flow at intersections was Ferrara and Lam 
(1979).  The authors of that study conducted observational experiments on bicycle-
automobile mixed-traffic behavior at intersections.  For capacity and level of service for 
bicycle lanes, the authors referred to a study by Allen et al. (1998), who evaluated 
bicycle-lane capacity and LOS by treating bicycle lanes as a one-way separate path.  The 
study, however, did not take into account the interaction among cyclists, motor vehicle 
traffic, and other adjacent roadway factors such as the presence of parking.  Lastly, in 
reference to the geometric design (e.g., bicycle facility width), the authors referred to the 
AASHTO’s Guide for the Development of Bike Facilities (1999). 
In an effort to evaluate the potential impact of banning the portion of non-
motorized vehicles from sharing travel space with motorized vehicles, Hossain and 
McDonald (1998) conducted a study in Dhaka, Bangladesh.  Traffic data were collected 
and a micro-simulation model was developed for this study.  The result was a 30% 
reduction in corridor travel time for motorized vehicles, which indicates there is a benefit 
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(at least for motorized traffic) for splitting motorized and non-motorized vehicles into 
separate lanes in Dhaka. 
In the field of bicycle facilities, Krizek and Johnson (2004) studied the effect of 
facility access on bicycling behavior and estimated the effect of household proximity to a 
bicycle facility on the propensity for bicycle use.  The results showed that subjects living 
less than 400 meters from an on-road facility had st tistically significantly increased 
tendencies for bicycle use compared with subjects living more than 1,600 meters from an 
on-road facility.  Due to the fact that some factors influencing the choice to ride a bicycle 
were not included in this study, the authors considere  the results not to be overly 
promising for bicycle planners and advocates. 
While looking at bicyclists’ preferences when using bicycle facilities, Tilahun, 
Krizek, and Levinson (2004) looked into bicyclist performance when it comes to the use 
of trails for their commute.  In this study, the authors found that bicyclists were willing to 
travel up to twenty minutes more to switch from an unmarked on-road facility with side 
parking to an off-road bicycle trail, with smaller changes associated with less dramatic 
improvements.  Although the use of bicycle trails is outside the scope of our research, it 
is interesting to find that bicyclists have a different perspective than motorists when it 
comes to travel time versus safety. 
In the same area of interest, Dill and Carr (2003) conducted an analysis to confirm 
that higher levels of bicycle infrastructure are positively correlated with higher rates of 
bicycle commuting in major U.S. cities.  Data were collected in 43 cities using the 2000 
Census release data, and included Washington, DC, and B ltimore, MD, where the 
percentage of bicycle commuters were 1.42% and 0.26%, respectively.  The analysis did 
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not indicate, however, the existence or direction of a cause-effect relationship between 
cycling and infrastructure.   
In the field of bicycle-automobile mixed traffic, Taylor (1998) examined lowering 
automobile speeds and adjusting the intersection cycle length to improve conditions for 
bicyclists, and to provide more progression for both modes of transportation.  He 
developed a mathematical program to generate multimodal progression design, and in an 
example, demonstrated an improvement caused by increasing the cycle length by 25 
percent.  In order to achieve this multimodal progression, it was assumed that both modes 
would not interfere with each other (e.g. presence of bicycle lane or wide curb lane).  It is 
recommended, however, to assess the trade-offs between increasing automobile delay and 
improving progression for bicycles.  In the same research, Taylor examined the gap 
acceptance for both motorists and bicyclists when crossing intersections, and the behavior 
of bicyclists when being alerted of a yellow change int rval, indicating that they need 
more time than motorists, and thus, different methods f providing the signal change 
warning.  These are details that are perhaps not yet included in microscopic simulation 
models that include bicycles, because this is a young research area.  In time, as many of 
these details as are reliably understood should be incorporated, and simulation models 
should be assessed in part on their inclusion of such elements. 
In an effort to measure network connectivity for bicycling and walking, Dill 
(2004) conducted a study and found that increased network connectivity could reduce 
travel distances for all modes, and provide a wider range of routes to choose from.  Four 
measures of connectivity for bicycling and walking were applied to the Portland, Oregon 
regional network:  street network density, connected node ratio, intersection density and 
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link-node ratio.  Although all four measures were positively correlated, they did not 
consistently assign the same level of connectivity for a tract.  More research was 
recommended. 
In the same area of research, while assessing some bicycle facilities, Krizek and 
Roland (2004) studied the factors affecting discontinuities of on-street bicycle lanes in 
urban settings.  The purpose of this paper was to understand better the severity of the 
instances where separate on-street bicycle facilities end and to determine the bicyclists’ 
discomfort when encountering such instances.  The study identified a few elements that 
contribute to higher levels of discomfort such as lane-discontinuity on the left side of the 
street and having parking after the discontinuity.  This research suggests that the 
continuity of bicycle facilities is important. 
Several studies also pointed to benefits of using bcycles as a mode of 
transportation.  In a research paper presented at the 83rd Annual Meeting of the 
Transportation Research Board, Washington, D.C., Krizek (2004) identified bicycling 
benefits, which include social transportation benefits (congestion, air quality, energy), 
user transportation benefits, social benefits (livab lity and option value), user safety 
benefits, user health benefits, and agency benefits from right-of-way preservation.  As a 
conclusion, it was suggested that benefits should be estimated on a regional scale. 
This section reviewed different topics in bicycle research such as bicycle 
performance measures, bicycle facilities, and bicycle operational analysis studies.  The 
section identified tools applied to measure bicycle performance such as the BLOS and the 
BCI.  It showed that separating non-motorized vehicl s, such as bicycles, and motorized 
vehicles is beneficial, and adding exclusive bicycle lanes has a potential effect on 
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vehicle’s speed.  It also highlighted the benefits of establishing bicycle lanes, especially 
when they are connected in a bicycle network.  Finally, the section provided examples of 
bicyclists’ preference as they would choose a longer route to switch to a more 
comfortable bicycle facility.  Those are important justifications for allowing bicycle lanes 
in urban transportation networks, as shown by the work conducted by local jurisdictions 
to incorporate bicycles in their master plans.  Examples included cities like the District of 
Columbia, Rockville, and Baltimore, Maryland, USA. 
 
2.4.  Mobility and Accessibility 
Important factors that should be considered when pla ning an urban 
transportation network are the mobility and accessibility of all the modes of 
transportation in the network or transportation system.  Mobility is the freedom or ease of 
movement that people experience when traveling from place to place.  It represents the 
movement of people or goods and assumes that any increase in travel mileage or speed 
benefits society.  A transportation system needs multi odal transportation and/or 
alternative routes to reach destinations to provide the greatest level of mobility. 
In a publication by the Federal Highway Administration (FHWA, May 2003), 
mobility was defined as the ability to access goods, services, and destinations.  The report 
described the United States as a very mobile nation: In 2000, Americans traveled more 
than 2.7 trillion vehicle miles, almost triple the v hicle miles traveled in 1970 (Highway 
Statistics, 2004).  Mobility focuses on how long it takes to get from point A to point B, 
the availability of travel choices, and travel time reliability.  The report went on to 
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describe that improving mobility can be achieved by reducing congestion and creating 
mode choices.  Increasing mobility is a benefit of reduced congestion and improving 
mobility often yields emission benefits as well. 
Ease of travel, convenience, and travel time are considerations in mobility.  They 
are affected by the system’s LOS, which is affected by the system’s capacity and 
efficiency.  When demand exceeds capacity, LOS declines, travel times increase and 
mobility is impaired.  
The United States Census (2000) showed that 87.5 percent of workers got to work 
by private vehicles, 3.1 percent by bicycle/walk, 2.8 percent by bus/trolley bus and 1.6 
percent used the subway.  It also showed that the average length of commuting increased 
by 14 percent from 22.4 minutes in 1990 to 25.5 minutes in 2000. 
In a study to estimate the benefits of different mobility enhancements (Schrank, 
2002), the author recommends that cities need to use a diverse set of solutions to deal 
with reducing congestion and improving mobility.  Some of these solutions include 
traffic signal coordination, HOV lanes, and public transportation.  After analyzing 75 
urban areas, the report shows that public transportati n accounted for almost 40 percent 
reduction of total delays in very large areas (over 3 million population, such as the San 
Francisco/Oakland area in California, USA) and 16.4 percent for large urban areas (over 
1 million and less than 3 million population, such as the Baltimore area in Maryland, 
USA).  The HOV reduction in hours of delay was estimated to be around 0.9 percent.  
The data used for this study were the travel time, sp ed and passenger volume data.  
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Some of the data could be estimated from route schedules and passenger-loading 
information could be collected by public transportation systems.    
The Texas Transportation Institute (2005) prepared  study to identify the keys to 
estimating mobility in urban areas, and divided the mobility measures in two groups:  one 
related to the traveler and the other related to a c rridor or a region.  The mobility 
measures related to the traveler mainly consisted of travel time and delays, and the area 
mobility measure focused on congestion.    
In conclusion, it is recommended for this study to measure mobility in a 
transportation network by quantifying person-miles, ton-miles and travel speeds. Those 
measures are good indicators for mobility and for the extent of congestion.  In case of a 
corridor study, where those measures might not provide a good indication of a mobility 
level, it can be measured by determining the travel time needed to reach a specific 
attraction from a specific point.   
Accessibility refers to the ability to reach desired services, activities or 
destinations.  Improving accessibility also benefits society, and mobility is one way to 
achieve this goal.  Accessibility to a city center r fers to the ease of access major 
downtown destinations such as courthouse, post office, library, City hall, downtown 
entertainment area, employment centers or government agencies.  Barnes and Davis 
(1999) suggested that measuring accessibility is essential to evaluate how well a 
transportation system accomplishes its objective of making it possible for people to 
access destinations.  The report recommends the use of accessibility as a framework to 
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compare different systems, modes, and combinations of policies.  The report did not 
define, however, a method to measure accessibility.  
 Wadell and Ulfarsson (2003) suggested that measuring the travel time to the 
CBD, employment or to population could serve as a regional accessibility measure.  This 
method, however, is more suitable for use when dealing with a transportation network.  
Graphs and Geographic Information System (GIS) maps c n show contour lines 
identifying different areas with different levels of access to a specific destination.   
Accessibility can be measured by quantifying the number of households that are 
connected to a specific center of attraction through bicycle lanes, bus lanes or other mode 
of transportation.  It can also be measured by determining the number of people who can 
reach a destination such as a CBD within a specific time-period, such as 15-minute 
period, using a specific mode of transportation.   
 
2.5.  Environmental and Safety Impacts 
The environment and safety impacts are two essential components when 
evaluating a transportation project.  Some research used a unit environment cost and a 
unit accident cost to determine the environmental and safety impacts on different traffic 
alternatives.  An example will be provided later in this chapter two, section six.  Other 
efforts were made to better predict them and to measur  their economical impact, and 




2.5.1. Environmental Impact 
Several environmental factors can be impacted by a transportation project and 
they include, but not limited to, disturbance of wetlands and streams, disturbance of 
wildlife and plant life, noise impact, impact on land use, and impact on air quality 
(temperature, odors, pollutants, and air movement).  Since this research deals with an 
existing road, the impact on wetlands, streams, wildlife, and plant life is not considered in 
the study. 
Land use and transportation systems are interactive and interdependent.  The two 
systems feed each other and possibly impact each other, however, the change can be 
slow.  This topic is further discussed in chapter five.  This study assumes a given uniform 
land use mix across the corridor or network, and therefore, the impact on land use is not 
considered, and the study limited the environment impact on the air quality and emission 
rates. 
This section highlights some of the efforts made to connect a relationship between 
transportation and its effect on air quality.  In the areas of motorized transportation 
modes, emission models such as MOBILE6 (2003) - authorized by the Environmental 
Protection Agency (EPA) - estimate pollutants including hydrocarbons (HC), carbon 
monoxide (CO), and oxides of nitrogen (NOx), and were used to evaluate the 
environmental impacts of different transportation alternatives (Sivanandan and Rakha, 
2004).  It should be also noted that several traffic simulation models such as Synchro, 
CORSIM and VISSIM (2004) generate reports with fuel consumption and emissions 
rates. 
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In an effort to analyze regional transportation andland development policies, 
Rodiev (2005) used MEPLAN, the integrated land use and transportation model.  NOx 
emissions results were obtained from the DTIM2 and EMFAC7F emissions models. 
Another example - where the environmental impact of a transportation project 
was investigated - took place in the City of Syracuse, New York, USA.  A congestion 
mitigation and air quality fund was obtained to develop a design to reconstruct Clinton 
Square in an effort to promote economic development while improving the air quality of 
the area.  To measure air quality improvements, both CO and NOx were measured and 
they were reduced by approximately 15 percent (Faulkner, 2005).  In the United 
Kingdom and Australia, volatile organic compounds (VOC) are also measured. VOCs are 
some of the main precursors of ground level ozone, which are toxic to plants and can 
cause breathing difficulties in humans (Environment Agency, 2006).   
It should be also noted that some efforts were made to evaluate the positive 
impact on the environment when people use non-motorized mode of transportation 
instead of the motorized modes.  For example, Krizek (2004) reviewed and interpreted 
literature that evaluates the economic and social benefits of bicycle facilities and 
proposed methods for their estimations.  The paper touched on the environmental benefits 
in the areas of energy and air quality. 
 
2.5.2.  Safety Impact 
Traffic safety is one of the most important factors that should be taken into 
consideration during the design phase of any transportation project.  The World Almanac 
and Book of Facts (1996) revealed that motor-vehicl crashes were one of the ten leading 
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causes of death in the United States and Americans incur $72 billion in crash costs every 
year.  The social costs are obviously very high as well.   Those facts lead to the need of 
an effective solution to evaluate traffic safety. 
Although a full research could be devoted to the prima y causes of traffic crashes 
and work related to traffic safety, this section only addresses the most relevant efforts 
made to evaluate and predict the safety impact of one design over the other, as well as the 
importance of the lane-width variable in accident prediction models.  A subsection has 
been also dedicated to bicycle safety in specific. 
 
a. Traffic Safety 
Huang et al. (2002) analyzed a specific case of the lan  configuration allocation.  
They compared the effects on crashes and injuries of changing road lane-configuration 
from a four-lane undivided road into three lanes.  The concept of this change in lane 
configuration was called a “Road Diet.”  In the new scenario, a middle center turn lane 
was created and the fourth lane was converted to two bicycle lanes.  The study consisted 
of collecting and comparing crash data before and after the treatment.  The authors 
concluded that a significant reduction (6 percent) in crash frequencies was achieved, but 
road diet conversions did not affect crash rates or severity of type.  The safety 
disadvantage of the original scenario of the 4-lane road is that drivers can change lanes to 
pass slower vehicles, which can potentially increase sideswipe crashes.  Safety 
advantages of the modified configuration include reducing vehicle speeds and vehicle 
interactions during lane changes - which potentially could reduce the number and severity 
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of vehicle-to-vehicle crashes, and improving pedestrian safety since there are fewer lanes 
to cross and traffic is slower. 
The concept applied in the road-diet study is similar to the concept applied in this 
research because it entertains the idea of modifying the pavement marking to provide a 
different lane configuration for a road, and then evaluating the impact of this change.  
The road-diet study, however, limited the evaluation  the safety impacts, while this 
research is much more comprehensive.  An important factor also not considered in this 
study is the effect of road-diet concept on traffic operations and capacity.  The authors 
acknowledged, however, that if the average daily traffic (ADT) is above 20,000 vehicles, 
there is a greater likelihood that traffic congestion would increase.  More research was 
also recommended to study the factors attributing to lower speeds, fewer conflicts, etc. 
There were also some contradictory conclusions when it came to analyzing 
crashes at signalized intersections.  While analyzing types of collisions and evaluating 
crash data at signalized intersections, Keller et al. (2006) concluded that the most 
important factor when determining the number of pedestrian/bicycle crashes was whether 
the right-turn lane is channelized on the major road.  The study also showed that traffic 
volumes and speed limits were not found to be significant factors.  On the other hand, 
Chin and Qudus (2003) and Liu and Young (2004) concluded that the traffic volumes are 
the most important factor in predicting crashes.  Also, Oh et al. (2004) found that speed 
limits are important for the total number of crashes as well as other specific types of 
crashes.   
Zegeer et al. (1981) found that, for two-lane roadwys, the number of crashes 
decreased with lane-width increase up to 12-foot, after that, the crash rates increase.  
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Tying safety with mobility, Litman (2004) found that empirical evidence indicates that 
each percentage reduction in total vehicle mileage in an area reduces crashes by 1 to 1.4 
percent, all else being equal.  Shifting vehicle travel from congested roads to less-
congested conditions tends to reduce crashes but increases crash severity due to higher 
vehicle speeds (Litman, 2004).  Mobility management (Travel Demand Management) can 
be a cost effective traffic safety strategy. 
A crash prediction model could be very useful to identify the contribution of road 
geometrics on the crashes.  Earlier models predicted th  number of accidents as a random 
variable that takes values with probabilities following the Poisson distribution with 
exponential function guaranteeing a positive mean.  For example, Dart and Mann (1970) 
used linear regression models to explain the crashes in Louisiana and calculated that 
cross slope and poor drainage were important factors.   
More recently, negative binomial models have been used in accident modeling to 
allow for additional variance representing the effect of more variables.  An example of 
this kind of accident prediction models, presented by the Federal Highway 
Administration (1999), is described below.  Pasupathy et al. (2000) recommended an 
empirical Bayesian approach to take into account crashes history, instead of the Poisson 
“memoryless” process to produce better models.  Despite efforts made in this field by 
Miaou and Lord (2003), Qin et al. (2004), and Miaou and Song (2005), the most common 
models used for crashes remains the traditional negative binomial distribution (Lord, 
2006). 
It should be noted that an accident prediction model is more reliable if based on 
accident data collected for as many years as possible at a similar site while accounting for 
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the influence of factors changing year-to-year (Lord and Persaud, 2000).  Therefore, it is 
always recommended to apply the model that is more suitable to the site understudy.  In 
this research, the role of a prediction model is not to estimate the number of accidents, 
but to perform a safety impact comparison among different lane-configuration scenarios 
for the same transportation network.     
The accident prediction model presented by the Federal Highway Administration 
(1999) was developed with negative binomial regression analysis for data from 619 rural 
two-lane highway segments in Minnesota and 712 roadway segments in Washington.  
These roadway segments including approximately 1,130 km (700 mi) of two-lane 
roadways in Minnesota and 850 km (530 mi) of roadways in Washington. The database 
available for model development included 5 years of accident data (1985-1989) for each 
roadway segment in Minnesota and 3 years of accident data (1993-1995) for each 
roadway segment in Washington. The model predicts the total non-intersection accident 
frequency for any roadway segment for which the independent variables shown in the 
equation below are known.  The number of predicted accidents was a function of the lane 
width. 
The report concluded that the developed accident prediction algorithm appeared 
to be a useful tool for predicting the safety performance of rural two-lane highways.  This 
model is described below: 
 
Accident Prediction Model:    
This section presents the base model for the accident pr diction algorithm.  The 
base model is presented for roadway segments and for four-leg signalized intersections.   
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Base Model for Roadway Segments 
Although the base model for roadway segments was developed for the states of 
Minnesota and Washington in separate studies by Vogt and Bared (1998), the base model 
presented below can be used as a reference to compare roadway segments in different 
states: 
Nbr = EXPO exp(0.6409 + 0.1388STATE - 0.0846LW - 0.0591SW + 0.0668RHR + 
0.0084DD) (ΣWHi exp(0.0450DEGi)) (WVj exp (0.4652 Vj))(ΣWGk exp(0.1048GRk)) 
where: 
Nbr =  Predicted number of total accidents per year on a particular roadway segment; 
EXPO =  Exposure in million vehicle-miles of travel per year = (ADT)(365)(L)(10-6); 
ADT =  Average daily traffic volume (veh/day) on roadway segment; 
L =  Length of roadway segment (mi); 
STATE =  Location of roadway segment (0 in Minnesota, 1 in Washington); 
LW =  Lane width (ft); average lane width if the two directions of travel differ; 
SW =  Shoulder width (ft); average shoulder width if the wo directions of travel 
differ; 
RHR =  Roadside hazard rating; this measure takes integer values from 1 to 7 and 
represents the average level of hazard in the roadside environment along the 
roadway segment; 
DD =  Driveway density (driveways per mi) on the roadway segment; 
Whi =  Weight factor for the i
th horizontal curve in the roadway segment; the 
proportion of the total roadway segment length represented by the portion of 
th
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the i th horizontal curve that lies within the segment. (The weights, WHi, must 
sum to 1.0.);  
DEGi =  Degree of curvature for the i
th horizontal curve in the roadway segment 
(degrees per 100 ft);  
WVj =  Weight factor for the j
th crest vertical curve in the roadway segment; the 
proportion of the total roadway segment length represented by the portion of 
the j th crest vertical curve that lies within the segment. (The weights, WVj, 
must sum to 1.0.);  
Vj = Crest vertical curve grade rate for the j
th crest vertical curve within the 
roadway segment in percent change in grade per 31 m(100 ft) = |gj2-gj1|/l j;  
gjl'gj2  = Roadway grades at the beginning and end of the j
th v rtical curve (percent);  
l j = Length of the j
th vertical curve (in hundreds of feet);  
WGk = Weight factor for the k
th straight grade segment; the proportion of the total
roadway segment length represented by the portion of the kth straight grade 
segment that lies within the segment. (The weights, WGk, must sum to 1.0.); 
and 
GRk = Absolute value of grade for the k
th straight grade on the segment (percent).  
The variables in the model are set to the following nominal or base conditions 
(default values):  
Roadside hazard rating (RHR) = 3 
Driveway density (DD)  = 3 driveways /km (5 driveways/mile) 
Horizontal curvature = none 
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Vertical curvature = none 
Grade = Level (0 percent) 
In this case, the base model in the equation reduces to:  
Nbr = (ADT) (L) (365) (10
-6) exp (0.8833 – 0.0846 LW – 0.0591 SW) 
 
Base Model for Four-Leg Signalized Intersections  
The base model for four-leg signalized intersections is presented below: 
Nbi = exp(-5.46 + 0.60ln ADT1 + 0.20ln ADT2 - 0.40 LT - 0.018 PLT + 0.11G + 
0.026 PT + 0.041ND1)  
where: 
Nbi       =  Total intersection-related accident frequncy for any four-leg signalized 
intersection 
ADT1   =  Average daily traffic volume (vehicles/day) on themajor road 
ADT2   =  Average daily traffic volume (vehicles/day) on theminor road 
LT        =  Presence of protected left-turn signal phase on one or more major-road 
approaches; = 1 if present; = 0 if not present 
PLT     =  Percentage of minor-road traffic that turns left at the signal during the morning 
and evening hours combined 
G         =  Grade rate for all vertical curves (crests and sags) within 76 m (250 ft) of the 
intersection along the major and minor roads 
PT       =  Percentage of trucks (vehicles with more than four wheels) entering the 
intersection for the morning and evening peak hours combined 
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ND1     =  Number of driveways within 76 m (250 ft) of the intersection on the major 
road.  
This model was developed with negative binominal regression from data for 49 
four-leg signalized intersections, 18 in California and 31 in Michigan during a three-year 
period (1993-1995).  The formula can be simplified when the following variables in the 
model are set to the following nominal or base conditions (default values): 
Presence of protected left-turn signal phase (LT) = No left-turn phase 
Percentage of minor-road traffic turning left (PLT) = 28.4 percent 
Grade rate for vertical curves within 76 m (250 ft) of the intersection (G) = No 
vertical curves 
Percentage of trucks entering the intersection (PT) = 9.0 percent 
Number of driveways within 76 m (250 ft) of the intersection on the major road 
(ND1) = 0 driveways 
With the nominal or base values of LT, PLT, G, and PT given above, the base 
model reduces to:  Nbi = exp(-5.73 + 0.60ln ADT1 + 0.20ln ADT2) 
From one point, the issue is simple because reducing vehicle mileage should 
reduce crashes.  From another point, it is complex because there are other travel impacts 
that have various impacts on crash rates and severity.  
All the above-mentioned studies in predicting the number of accidents and their 
estimated costs had potential use in this research when assessing safety impact for each 
alternative.  The accident prediction model, specifically the one for roadway segments, is 
the most adequate to apply in this study because its formula is a function of the lane 
width, which would be useful for comparing the different scenarios in this study. 
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b. Bicycle Safety 
Since traffic safety is an important factor in the evaluation process, safety of non-
motorized modes of transportation such as bicyclists, a part of this factor, should also be 
considered.  This subsection highlights bicycle safety research. 
In this field, Kroll and Ramey (1977) studied the effects of bicycle lanes on 
drivers and bicyclists’ behavior, and McHenry and Wallace (1985) evaluated the wide 
curb lanes as shared lane bicycle facilities.  The studies found that drivers made fewer 
wide swerves or close passes when passing bicyclists on streets with bicycle lanes.  
Another bicycle safety study was conducted by Harkey and Stewart (1997) to 
evaluate shared-used facilities for bicycles and motor vehicles.  They found that a 3-foot 
bicycle lane provides sufficient space for bicycles and autos to interact safely.  It was 
determined, however, that a 4-foot lane would be saf r for cyclists. 
A study was also conducted in San Francisco (Alta Planning & Design, 2004) 
researching bicycle safety, and specifically the shared-lane pavement markings.  The 
study concluded that the markings increased the distance of cyclists from parked cars as 
well as the distance between cyclists and passing vehicles.  The critical evaluation is that 
the distribution of the distance between cyclists and parked vehicles narrowed.  Although 
the average did not change dramatically, cyclists rding closest to the parked cars moved 
further away.  
Finally, Van Houten and Seiderman (2005) researched how pavement markings 
influence bicycle and motor vehicle positioning.  This study was conducted in 
Cambridge, MA.  They found out that before bicycle lanes were constructed, when 
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motorists were asked about what made them most aware of cyclists on the street, the most 
common response was: “nothing.”  After bicycle lane i stallation, the most common 
answer was “the bicycle lane.”   
These studies support qualitative motivations for bicycle lanes, but the literature is 
silent on more quantitative results that might be us d for prediction.  This is not 
surprising; this type of modeling is difficult even for motor vehicle safety impacts, which 
is a vastly busier research space.  It is concluded that pavement marking identifying a 
bicycle lane, and the width of this lane, play a role in improving bicycle safety.  Those 
factors are included in the BCI formula as described earlier, and therefore, the best that 
can be done in this proposed method is to use the BCI to evaluate bicycle safety. 
 
2.6.  Lane-use-related research 
So far the studies mentioned in the previous sections only evaluated the 
implementation of exclusive lanes and their effect on ravel time.  These studies did not 
actually develop a method to justify and design different lane-uses in a congested urban 
street network.   
In an effort to develop a macroscopic methodology for urban transportation 
planning and policy analysis, Schonfeld (1977) used multivariate optimization techniques 
to choose among a wide range of alternatives.  The study analyzed options such as traffic 
management, vehicle design, service policy, pricing, fi ancing and regulations options, 
and touched on space allocation for different transportation modes.  However, some of 
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the model limitations included the omission of important modes such as bicycles and 
local street buses, as well as safety impact. 
In a search for the optimal road space allocation among competing transportation 
modes, Xu (1993) used the total cost of a road system (user time costs, operating costs, 
and other costs) for comparison.  A logit model was used for modal split and the planning 
software MINUTP (1991) for trip assignment.  One of the shortcomings of this study is 
that bicycles and vehicles were modeled in separate networks due to lack of information 
in reference to the relationship and interaction betwe n bicycles and vehicles.  Although 
many factors determine the road capacity such as type of area, existence of parking 
activity, lane width and heavy vehicles (Federal Highway Administration, 2003), Xu’s 
study considered lane width to be the only variable to determine lane capacity.  
Accessibility and mobility were not measured in thestudy and environmental impact was 
not considered at a satisfactory level; a unit environment cost per vehicle-mile was 
included in the total cost.  Accident impact was also considered as an accident rate for 
each mode multiplied by the total distance traveled by this mode.  Better assessments can 
be applied such as predicting accident occurrence for a specific lane configuration. 
In an effort to estimate how adding a high-occupancy vehicle (HOV) lane, high-
occupancy toll (HOT) lane, or a mixed flow lane to an existing freeway affects delay, 
Dahlgren (2002) constructed a model to estimate the change in delays when adding a new 
lane on a freeway.  The author used a logit model to s imate the probability that a 
particular individual will use an HOV lane.  This is a common method of assigning trips 
to modes, but it does not acknowledge the feedback loop that is generated.  The 
attractiveness of the modes is affected by their usage, which is in turn affected by their 
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attractiveness.  As mentioned before, this dissertation uses sensitivity analysis as a first 
step towards understanding these interactions. 
The only known effort to develop quantitative models for justifying bus-lane 
design alternatives, based on the average person travel ime for all road users, was 
presented by Gan et al.  (2003).  They considered th  overall average person travel time 
under two treatments:  with and without a bus-only lane.  The CORSIM simulation model 
was used to generate data from different alternatives and to estimate the bus and non-bus 
travel speeds under these alternatives.  CORSIM, however, does not simulate bicycle 
lanes.  
In an ongoing study, Kuhn et al. (2003) investigate the issues surrounding the 
efficient operation of managed lanes using various operating strategies to develop a 
managed lanes manual.  The objective of this study is to help the Texas Department of 
Transportation make informed planning, design, and operational decisions when 
considering these facilities for their jurisdictions.  The study’s objective is similar to the 
one that needs to be achieved in this research, except that it focuses on major freeway 
projects in Texas and includes HOV and HOT lanes.  It hould be also noted that the 
managed lanes study in Texas is scheduled for completion in 2007. 
Finally, it should be noted that there is a relationship between the lane width and 
the roadway capacity.  A FHWA report (2003) recommended a procedure for estimating 
highway capacity, which was based on an adjusted saturation flow rate: 
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Capacity = So N fW  fHV fp fa PHF 
The adjustment factor for lane width (fW) is calculated as follow: 
fW = 1 + (W – 12)/30  
W = Lane width (minimum 8 feet and maximum 16 feet) 
The formula suggests that for each foot, more or less than 12-foot lane, the lane 
capacity increases or decreases by 3.33 percent, respectively.  This concept should be 
taken into consideration when identifying different lane-use scenarios since allocating a 
specific width for a travel lane will impact the lane capacity. 
 
2.7.  Combining modal split and equilibrium assignment model  
Conventional planning models consist of four steps:  trip generation, trip 
distribution, mode choice, and route assignment.  The mode choice allocates trips among 
several modes of transportation and an assignment model is then solved for each mode of 
transportation.  One criticism of this process is that it is a sequential process, while most 
users in reality choose the mode and the route at the same time.  Thus, some research 
efforts have been devoted to this concept while modeling network equilibrium.   
As mentioned in chapter one, different lane-use scenarios are expected to affect 
the average speed for each transportation mode, and thus, the travelers’ decision on mode 
of transportation choice and route assignment are exp cted to change as well.  A model 
combining modal split and equilibrium assignment would be very useful in this research. 
However, this is a very complex topic and a reliable model is not yet available.  The topic 
deserves to be studied under separate research, and once a reliable model is available, it 
would be an important tool to use in this decision-making study.  Meanwhile, it is 
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suggested to use sensitivity analyses as an acceptabl  solution to determine the effect of 
the traffic flow change of one or more modes of transportation on measures of 
effectiveness. 
Although this topic of combining mode choice and equilibrium assignment is not 
utilized in this study, especially since the case study is dealing with a corridor rather than 
a transportation network, some of the efforts made in this field are included in this 
literature review because they could be incorporated in a similar research in the future, 
where a network equilibrium is necessary. 
Abdulaal and Leblanc (1979) developed a method for combining modal split and 
equilibrium assignment models in which users can choose modes and routes, 
simultaneously.  This model was developed by extending Wardrop’s (1952) route choice 
principle – which assumes that travelers choose the rout  with minimum disutility – to 
include mode choice as well.  Although the advantage of their combined models over 
existing models was not proven, preliminary results were encouraging.  Three years later, 
Leblanc and Abdulaal (1982) extended their study to combine their model with 
interdependent travel impedances.  During this study, the authors recognized the fact that 
different kinds of travelers perceive the time-cost tradeoff differently, and thus included 
distinct groups of travelers in the model.  The model has the advantage of recognizing the 
interaction between distribution, mode split and assignment phases.  As an extension of 
such concept, efforts were made to combine distribution, mode split and assignment 
(Florian and Nguyen, 1978), and furthermore, Safwat and Magnanti (1988) combined 
them with trip generation. 
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Maruyama et al. (2001) claimed that all of the above-mentioned models were 
rarely applied to real-world transportation systems.  They developed a combined modal 
split/assignment model for the Tokyo Metropolitan Area in order to evaluate relevant 
transport policy.  The mode choice – between autos and trains – was based on the use of a 
logit model and the modal split/assignment model was formulated using a mathematical 
problem as suggested by Sheffi (1985). 
Another study in multimodal network equilibrium was performed by Oketch 
(2000).  The author introduced a modeling approach suitable for mixed traffic streams 
with nonstandard vehicles such as motorcycles, bicycles, three-wheeled vehicles and 
pedestrian-pulled carts in major streets with faster traffic.  This is an important reference 
work for scenarios involving international applications of the proposed method.  The 
model adopts a detailed lateral movement modeling approach in which both longitudinal 
and lateral motions of a vehicle are included.  Themodel was calibrated using data from 
Nairobi, Kenya, and yielded reliable results.  However, since the data used to test the 
model contained a low presence of nonstandard vehicles, it is not known if the model 
would be reliable if the traffic is composed of a high number of these types of vehicles.  
Another model was developed by Wu and Lam (2003) in Ho g Kong where 
modal split and stochastic assignment models were combined for congested networks 
with motorized and non-motorized transport modes.  In this study, the non-motorized 
modes, such as walking, served to compliment motorized trips, e.g. transit passengers 
having to walk to reach transit stops.  Although motorized modes were represented by the 
transit mode only and the non-motorized modes were represented by the walking mode 
only, the interaction between walking and transit modes was taken into account.  The 
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authors concluded that further studies were recommended to assess this method when 
applied to real-world, large-scale transportation networks.   
In a recent correspondence with one of the authors, it was learned that the model 
was extended to include four modes:  auto, bus, metro, and walking.  It was further 
explained that as the commonly used modes in Hong Kong are auto, walking and 
multiple-transit modes, the model did not address the bicycle mode.   
As mentioned at the beginning of this section, combining modal split and 
equilibrium assignment is a topic of ongoing research, and any attempt to do it would 
represent a thesis contribution in its own right.  Because the field is not mature, it would 
be inappropriate to simply choose one of the preliminary models and apply it.  The 
preferred approach, taken in this dissertation, is to focus on related and supporting ideas 
from sensitivity analysis that do not rely on as many modeling assumptions, and thus can 
be studied with greater confidence.  The drawback, of course, is that this approach does 
not “solve” the equilibrium assignment problem. 
 
2.8.  Multimodal simulation software 
An essential step to evaluate the performance of any tr sportation network is to 
predict how its different modes would function and at what level they would operate.  
Travel speeds and delays are among the indications needed to perform this kind of 
evaluation.  Traffic simulation software emerged in the last decade as a powerful tool to 
provide such evaluation and this section highlights some of them. 
As mentioned earlier, the CORSIM (1998) simulation model was used in previous 
research to generate traffic data and to estimate tr v l speeds.  Although CORSIM is one 
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of the most widely used and accepted models in the United States in the recent years, it 
does not provide one important feature needed in this s udy, bicycle lane simulation.   
De Cea et al. (2003) presented a computer package developed by the government 
of Chile under the name of “ESTRAUS” to simulate thoperation of alternative network 
configurations and evaluate strategic development plans for urban transportation systems.  
The model is able to consider a variety of demand mo els and trip assignment behaviors, 
including multiple user classes and combined travel modes that interact on the same 
network.  It considers the effects of congestion on the road network as well as in each 
public transportation service network.  Although the model included a metro network, a 
shared taxi network, and combined modes such as metro/bus and shared taxi/metro, it did 
not include a bicycle mode.  The model also assumed all vehicles would compete for the 
same common road capacity, with the exception of the exclusive bus lanes and the metro 
lines.  The bus lanes were coded in separate links, and the metro lines operated over an 
independent network. 
Another software system designed for travel demand mo eling for multimodal 
analysis is VISUM (2004).  It allows users to integrate all relevant modes of 
transportation, including bicycles, into one consistent network model.  One of the 
assignment procedures offered by VISUM is the user-optimal equilibrium, fulfilling the 
strict Wardrop (1952) definition.  VISSIM is a microscopic traffic simulation model for 
multimodal traffic flows including cars, buses, trucks, and bicycles.  In partnership, 
VISUM and VISSIM help to analyze the effectiveness of transportation alternatives 
including mode shift, regional route choice, and operational impacts.   VISSIM was the 
platform chosen for this study since it provides all the features needed in this research.  It 
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should be noted that typically, micro-simulation software is used to simulate operations 
but not optimize traffic signal timing and network operations.  Therefore, a combination 
of software can be used to analyze a transportation system: For example, Synchro for 
capacity analysis and signal optimization and VISSIM for detailed micro-simulation of 
the network.  Several studies applied this combinatio  in their analysis such as a case 
study by Mosseri, Hall, and Meyers (2004) of Ocean P rkway in New York. 
PARAMICS is another software tool that was also considered for this study.  In a 
comparison between VISSIM and PARAMICS, Choa, Milam, nd Stanek (2001) noticed 
that although PARAMICS is developed by a Scottish company and VISSIM by a German 
company, they are increasingly used the US.  They ar  very similar in so many ways as 
they generate simulation results better matching field conditions and traffic engineering 
principles than other software.  VISSIM, however, is more flexible in measuring delays 
since it can measure it between any two points in the network versus total delay only for 
PARAMICS.  
Milam and Choa (2002) also showed that VISSIM’s set-up ime is slightly less 
than PARAMICS’.  They pointed out that VISSIM is path-based for routing decisions 
compared to PARAMICS’ link-based, and that VISSIM can include more multi-
operations such as the rail transit and bicycles.  VISSIM’s explicit bicycle model allows 
for the following:  
a) Bicycles behave similar to regular vehicles, andre treated the same way as 
other vehicle types.  The user may define how bicycles use the lane (e.g., in 
the middle of the lane, or to the right/left side), and how to yield to other 
vehicle types or to pedestrians at various speeds.  This means that the 
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bicycle can be modeled, and allow other vehicles to pass in the same lane if 
defined lateral clearances are met.  This theory is applicable through a road 
segment as well as at intersections where bicycles and vehicles are 
performing turning movements.   
b) Bicyclists also are bound to the car-following models that regular vehicles 
use such as reaction to stopped cars.  They also resp nd to signal indications 
similar to regular vehicle types, or not, as determined by the user. 
c) Bicycles use the space that is left besides other vehicles (or besides other 
bicycles) within a lane.  PARAMICS can only let a bicycle follow another 
vehicle in the lane. It must do a lane change to pass by. 
d) In reference to "storage" of bicycles waiting at a red light, bicycles fill out 
the space very tightly, i.e., they do not queue up like cars where one is 
waiting behind the other and each car needs one segment of a lane.  In 
VISSIM, bicycles can work like PARAMICS when bicycles are modeled 
like cars.  The software has been used in Beijing, China, where bicycle 
traffic with extremely high volumes had been modele.  It was also found 
that the development of VISSIM 's particular bicycle-flow model had been 
result of the market entry in China.  China's traffic engineers had requested 
the bicycle model.  VISSIM is recommended for this study, as it will be 





2.9.  Decision Making 
A national survey conducted by The Urban Transportati n Monitor (Rathbone, 
2004) among transportation professionals showed that traffic engineers, transportation 
planners, and transit professionals often interact with elected officials on transportation 
issues.  Some of the issues provided by the respondents to the survey included traffic 
congestion, bicycle lanes and bicycle paths, parking, safety and geometric improvements, 
transit operations and improvements, and environmental issues.  All of these issues are 
important to this research, and require transportati n professionals and elected officials to 
make decisions. 
While reviewing literature for decision-making options, two topics were 
investigated; the Pareto Frontier Concept and the multi odal decision-making 
framework. 
 
2.9.1. Pareto Frontier Concept 
In an effort to learn about the equity issues with respect to bicycles, transit, and 
the Pareto Frontier Concept, two studies related simultaneously to the Pareto Frontier and 
transportation were reviewed: one in reference to air quality and the other to highway 
management activities. 
Sampson, Guttorp, and Holland (2001) monitored air quality in network design 
using Pareto Optimality methods for multiple objective criteria.  In this paper, it was 
explained that one design could dominate another design if all its numerical criteria 
values are equal to or less than those of the second design.  A design that is not 
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dominated by any other design is said to be Pareto optimal, and the Pareto optimal set is 
the set of all Pareto optimal designs. 
The authors concluded that the Pareto optimal design calculations provide an 
effective way to make decisions in the context of multiple objectives since it allows better 
understanding (compared with optimization of a single criterion) of the trade-offs 
necessary to obtain greater relative efficiency on given criteria. 
In the other paper presented by Fwa, Chan and Hoque (2000), the authors 
acknowledged the fact that a decision process involved in highway management activities 
required a multi-objective consideration to address the competing requirements of 
different objectives.  Solutions obtained from single-objective analysis are sub-optimal 
with respect to ones derived from multi-objective formulations.  A genetic-based 
algorithm was developed to identify better solutions by comparing the relative strength of 
the generated solutions with respect to each of the adopted objectives.  All non-
dominated solutions represent the Pareto Frontier.  The optimization process continues 
seeking new solutions to improve this frontier until a set of globally non-dominated 
solutions is found.  This is the Pareto optimal set and it defines the Pareto optimal 
frontier.  Although different objectives were identified in this study, the optimization 
problem dealt with monetary units for all objectives, to minimize the maintenance cost.  
This obviously simplifies the challenge, but might not be the best method to use in our 
research, which deals with several objectives with different units.  Furthermore, the 
condition of being non-dominated in a multi-dimensional space is quite weak, so 
identifying the Pareto Frontier, while clearly demarcating the losing alternatives, may 
nonetheless yield an enormous number of candidates that till have to be considered. 
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2.9.2.  Multi-Objective Decision-Making 
The multi-objective decision-making framework allows the incorporation of 
multiple and conflicting objectives into a process where all of them are equally 
considered regardless of whether they can be estimated in monetary or non-monetary 
terms.  Tzeng and Chen (1993) used multi-objective decision-making and non-linear 
programming techniques to generate a series of non-inferior solutions.  They combined a 
weighing method with pair-wise comparison to obtain  compromise solution for the flow 
pattern.  This method was applied on the Taipei network system to evaluate travel time, 
air pollution, and traveled distance, and to determine optimum flow patterns.  They 
concluded that when non-traffic related factors were taken into account, the approach was 
more reasonable and suitable than conventional appro ches.  A weakness of this method 
is that it allows the analyst to represent his/her fe ling toward improving one objective at 
the cost of another before the final result of the analysis is determined and presented to 
the decision-makers. 
A few transportation investment projects have also u ed the multi-objective 
decision-making approach - as presented by Chowdhury, Tan, and William (2002) - to 
choose the alternative that best provides the project’s objectives.  Their multi-objective 
decision support framework consisted of identifying objectives, selecting measures of 
effectiveness (MOEs), identifying their values, identifying sets of alternatives, and then 
selecting the best alternative by applying methods such as the multi-attribute utility 
method or the minimum tolerance method.   
The multi-attribute utility method is based on utility functions.  A utility function 
represents the relationship between the utility and the attribute values.  This method 
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consists of:  a) developing a utility graph to determine a utility for each known value of 
an attribute, b) identifying a single utility function to create a mathematical relationship 
between each attribute and corresponding utility, c) determining the weight of each 
attribute to determine the relative importance of each attribute, and d) calculating the 
overall utility for each alternative.  The alternative with the highest score or utility is the 
most preferred solution.   
The minimum tolerance method is similar to the multi-attribute utility method 
except that it ranks alternatives based on the minimum tolerance values of selected 
criteria rather than the maximum utility value.  The method shows the urgency of a 
project with respect to the tolerance values, which represent the difference between actual 
conditions and acceptable or standard conditions.  Negative tolerance values of a project 
criterion indicate a higher sense of urgency related to the program.  This method consists 
of:  a) identifying the goal value based on policy objectives, b) calculating the individual 
tolerance value for all criteria, c) scaling the tolerance value to zero, and d) summing the 
tolerance scale values for all criteria for each alternative.  The alternative with the lowest 
total tolerance value is the recommended solution. 
The multi-attribute utility method and the minimum tolerance method were 
considered for this research due to the fact that the ype of the decision problem here is 
discrete, i.e., a finite number of the decision alternatives can be pre-defined.  They were 
not selected, however, because they are highly reliant upon decision-makers input.  If the 
attribute weights are not accurate, the output of the decision-making process will not be 
valid. 
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In another approach presented by Chowdhury and Tan (2005), the authors 
suggested a tool based on multi-objective analysis for aiding investment decisions using a 
set of objectives and constraints.  This decision-making analysis framework used the 
constraint multi-objective programming tool.  It does not provide a single solution or 
alternative, rather a set of best alternatives from all available options.  This method 
consists of identifying the objectives, selecting alternatives, selecting MOEs, formulating 
a constraint model, solving the constraint model, and selecting the preferred alternative. 
Examples of the objectives in this case include mini izing cost of delays, and 
increasing mobility, accessibility, and traffic safety.  Examples of MOEs include vehicle-
hours of delay, vehicle-miles traveled, bicycle LOS, and emission rates.  During the 
phase of solving the constraint model, a value for each alternative is calculated.  After 
determining the lower and upper bounds, the constrai t model is formulated.  The multi-
objective problem is then transformed into a single objective problem using the constraint 
method.  One of the objectives is chosen as the “primary objective” and all other 
objectives are formulated as constraints.  After running an optimization algorithm with 
different constraint values, best alternatives are identified.  Objective values are then 
transformed into a 0-to-1 scale. 
The results can be effectively communicated with the decision-makers using a 
value path graph.  The graph presents the objective function values and trade-offs among 
objectives so the decision-makers could make an informed decision.  This approach is not 
influenced by decision makers’ input, and therefore, is better than the multi-attribute 
utility approach which is highly reliant upon this input.  A modified version of this multi-
objective method is suggested for this research, as described in chapter three. The 
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advantage of this method is that it is not influenced by decision-makers’ input, and a 
decision can be made pending on the objectives that are most important for the decision-
makers to achieve at the time when the decision is made.     
 
2.10.  Summary of Literature Review  
Chapter two sheds some lights on a variety of work previously performed in 
several fields related to this research.  It provides insights of previous efforts in those 
areas while exploring the most promising method to solve the problem.   
Those areas include studies about exclusive lanes for buses and bicycles and their 
performance measures.  The chapter includes work performed to assess the 
environmental and safety impacts when implementing a transportation system, as well as 
methods to measure mobility and accessibility.  It also highlights some lane-use research, 
in addition to work performed in combining modal spit and equilibrium assignment 
models to assess the possibility of including those concepts in the study.  Multimodal 
simulation computer programs were also provided as well as some literature review 
related to applying multi-objective decision-making techniques to solve similar 
transportation problems.   
The role of literature review was to provide the base on which this research was 
built.  The topics discussed in this chapter lead to the research methodology and the tasks 
that need to be performed to implement the decision-making method for roadway lane 
designation. This next step is presented in chapter thr e. 
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Chapter III: RESEARCH METHODOLOGY and TASKS 
 
3.1.  The Purpose of the Study 
This study develops a decision method that can be used to justify and design 
different lane-use allocations in an urban street ntwork.  It is an effort to determine a 
way to identify a lane-allocation scenario that cano tribute to reduce congestion and 
improve efficiency with minimum resources, such as p vement markings and traffic 
signs.  The core of the suggested method to achieve this goal consists of identifying 
different alternatives of lane usage and evaluating the outcome of each alternative.  The 
method involves the application of traffic simulation software, assessment of the 
performance of different modes of transportation, and summarizing the results in 
appropriate form to be presented to decision-makers.   
In this chapter, the research methodology is present d, followed by a detailed 
description of the tasks performed to conduct the sudy.  It is beneficial to begin this 
chapter by highlighting the performance measures related to this study. 
 
3.2. Performance Measures 
Performance measures are the primary tools for quantitatively assessing the 
impact and achievements of plan implementation.  They provide a framework within 
which data that are generated and collected can be pres nted in a meaningful way.  They 
are results-oriented, meaning they are focused on assessing the outcomes or effectiveness 
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of a specific scenario or alternative.  They are presented to decision makers for 
evaluation, and for the purpose of this study, the following measures could be included: 
 
a.  Traffic Congestion Measures  
Traffic congestion can be measured in different ways.  It could be reflected by 
measuring the occupied miles of travel as a percentag  of total vehicle-miles traveled, 
road level of service (LOS) and volume-to-capacity (v/c) ratio, vehicle-hours of delay, or 
by measuring the percentage of transit mode share on corridors.  High levels of occupied 
miles of travel can indicate that the system is not operating efficiently.  In reference to 
road LOS and v/c ratio, Tumlin et al. (2005) identified 0.80 as low (free-flow conditions) 
and 1.20 as high (congested conditions).  Finally, the percentage of transit mode-share is 
the ratio of transit person trips to total person trips on congested facilities during a peak 
hour, and it is favorable to have a higher percentage of transit mode-share. 
Delay is also an important factor to be measured when assessing traffic 
congestion.  Travel time and delay time are common easures used to assess congestion.  
For example, they were included in the measures evaluated in the Eugene-Springfield 
Area TransPlan study (LCOG, 2002).  Travel time andverage delay are the measures 
applied in this research. 
 
b. Vehicle Miles Traveled and Trip Length Measures 
Measuring vehicle miles of travel and the average trip length (shorter is better) are 
also two ways to assess the efficiency of a network.  They are more beneficial to use in a 
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network study – rather than a corridor study - where vehicles have different options of 
paths to reach the same destination. 
 
c.  Mode Choice Measures 
One important factor to evaluate when assessing road efficiency is mode share, 
which is the number of trips taken by non-auto modes (other than vehicles).  A higher 
number represents a more efficient road, assuming that the passenger density on other 
modes is higher than it is for autos.  
More specific assessments to each mode of transportation include BLOS (Landis, 
et al. 1997), and BCI (FHWA, 1998) for bicycles.  One of the two bicycle performance 
measures, the BCI, is applied in this study, as described in detail in chapter two.  Transit 
performance measures such as frequency, span of service, reliability, loading, and travel 
speed were also mentioned in the previous chapter.   
 
d.  Environmental Measures 
Environmental factors concerning wetlands and streams disturbance, wildlife and 
plant life disturbance, as well as land use, are not simple to measure.  On the other hand, 
noise levels and vehicle emissions are some of the common environmental measures.  
Vehicle emissions such as carbon monoxide represent a measure of air quality impact, 
and obviously lower emissions are better for the enviro ment.  Vehicle emissions (CO, 




e.  Transportation System Measures 
While the previous set of performance measures reflect d impacts of the region’s 
demand for transportation, the following performance measures reflect impacts of the 
region’s supply of transportation, and they include: 
1.  Ratio of bikeway miles to arterial and collector miles 
2.  Percentage of roadways in fair or good condition: provides a summary of the 
overall pavement condition of the region’s roadways. 
3.  Percentage of households within ¼ mile of a transit stop. 
4.  Percentage of households with access to 10-minute transit service. 
5.  Parking:  In areas where low competition between parking and travel demand 
exists, it is preferred to maintain all parking.  When this competition increases, 
limited parking removal or significant parking reduction is recommended. 
These measures are not applied in this study becaus the road conditions and 
households data are not included in the scope of the study.  Those measures, however, 
can be considered for a more comprehensive transportation planning analysis for an 
urban network. 
 
3.3.  Design of the Study/Research Methodology 
The method proposed to allocate the limited road space in a congested urban 
street network among different lane-uses consists of developing a model that helps 
selecting the configuration that provides the best outcome.  An ideal, but not realistic 
outcome, would provide the lowest travel time for all modes of transportation, the highest 
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Bicycle Compatibility Index for bicycles, the best to al mobility and accessibility, and 
best safety and environmental impacts.  Since it is not possible to achieve an optimal 
solution for each of the study’s objectives, a multi-objective decision-making framework 
is applied with the understanding that, where this process is applied to an actual decision-
making event, some subjective preference must ultimately lead to a single choice.  
This section describes the research methodology, followed by a section describing 
the tasks required to implement the suggested method to demonstrate an application for 
this method, and a case study is provided in the next chapter.   
The research methodology starts by selecting a road segment or an urban 
transportation network, and several different possible lane-use allocation scenarios are 
identified.  In general, this step should be achieved while taking into consideration the 
policies of the jurisdiction’s master plan, in relation to road classification and role, as 
well as the guidelines - related to lane widths - identified in the Policy on Geometric 
Design of Highways and Streets (AASHTO, 2001) and the Guide for the development of 
bicycle facilities (AASHTO, 1999).   
Traffic data are collected and they include:  current lane configurations, 
distribution of modes across the lanes, free flow speed, existing traffic flow numbers for 
each transportation mode per hour, and occupancy rate for passenger cars as well as 
buses.  Other collected data include traffic control devices, road characteristic data, and 
transit information (frequency, stops, etc.). 
A micro-simulation software package - VISSIM (2004) - is used to model existing 
traffic conditions and to determine the average speed for each travel mode.  The model is 
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then applied to other alternatives with different road-lane allocations. During the 
modeling phase, one of two important factors should be considered.  The first factor is 
the impact of a new alternative on the travel speed for ifferent modes.  The outcome of 
VISSIM, which provides the average travel speed for each mode, should answer this 
question.  The other factor is:  since it is expected that some users would choose a new 
mode of transportation, as a reflection of the new scenario of lane-use, which might 
potentially create new congestion patterns, how will the change in mode choice affect the 
performance of the transportation system?  To answer this question, a sensitivity analysis 
is suggested to provide an understanding of how the model responds when mode choice 
changes in response to change of travel speed.  In the future, a reliable travel demand 
model could be useful in projecting mode choice and route assignments as reflection of 
the lane-use configuration. 
Using the average speed results, users’ cost, delays cost, and operating costs for 
the different transportation modes are calculated.  Other measures of effectiveness for 
bicycle performance, safety, environmental impact, mobility, and accessibility are also 
evaluated.  These measures include the Bicycle Compatibility Index (BCI), the number of 
predicted accidents corresponding to a specific lane configuration, emissions rates, the 
travel time needed to reach a specific attraction fr m a specific point, and the number of 
people who can reach a Central Business District (CBD) within a specific time period. 
The multi-objective decision-making framework is applied to incorporate the 
multiple objectives into a process where all of them are considered regardless of whether 
they can be estimated in monetary or non-monetary terms.  The results are then presented 
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to decision makers, and they choose the preferred sc nario after evaluating the 
performance measures of all objectives. 
 
3.4.  Tasks 
This section describes the tasks performed to develop the proposed method after 
selecting a specific urban network.  These tasks include:  1) identifying the different 
alternatives for the road allocation among different types of lanes; 2) collecting traffic 
data; 3) applying a traffic simulation model; 4) applying the BCI for bicycles; 5) 
computing travel speeds, cost of delays, and operating costs; 6) measuring mobility and 
accessibility; 7) evaluating environmental and safety impacts; 8) making a decision to 
choose the preferred alternative; and finally 9) conducting final sensitivity analysis, if 
needed. 
 
3.4.1.  Identifying Different Alternatives 
The different alternatives for allocating the road space among the different lane 
uses are identified using the following equality: 
nmwm + nbwb + ncwc + npwp = W/2, where 
nm and wm are the number and width of mixed-traffic lanes, rpectively 
nb and wb are the number and width of exclusive bus lanes 
nc and wc are the number and width of bicycle lanes 
np and wp are the number and width of on-street parking lanes 
W = total available road width 
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This equality represents the available space of the road in one travel direction.  
The widths of each lane type should be within a range acceptable by traffic standards 
such as the Policy on Geometric Design of Highways and Streets (AASHTO, 2001).  The 
number of bus, bicycle, and on-street parking lanes should only take the value of zero or 
one.  It should also be taken into consideration that a travel lane could replace a 
combination of an on-street parking and a bicycle lane during different times of day.  
Finally, to value the continuity through the network for particular lane types, an effort 
should be made to apply the same lane-allocation sce ario to all segments of the same 
road.   
 
3.4.2.  Collecting Traffic Data 
Traffic data are collected at each road in an urban street network during several 
periods of the day: morning peak period, evening peak period, and during non-peak 
hours.  A study could be limited to demonstrate one f these periods.  The traffic data 
include:  the free flow traffic speed, number of vehicles, buses and bicycles per hour, and 
occupancy rates for both passenger vehicles and buses.  Transit information, road 
characteristics, and traffic control data should also be collected to best simulate the 
existing conditions of traffic operations on this section of the road.  Traffic control data 
include pavement markings identifying lane-use and l e configuration, traffic signs such 





3.4.3.  Applying a Traffic Simulation Model 
The use of VISSIM (2004) model is suggested in this study to generate data for 
different alternatives.  This model is recommended for the following reasons:  a) It has a 
microscopic simulation model capable of modeling detail d design features and 
visualizing traffic animation, b) its parameters have been calibrated to US conditions, c) 
it can analyze a wide range of traffic, geometric and control conditions, and produces a 
relatively rich set of performance measures, d) it is capable of modeling bus operations 
including different bus routes and bus stations within a network, e) it is a comprehensive 
software system designed for multimodal analysis including bicycle lanes, f) it allows the 
integration of all relevant modes of transportation into one consistent network model, and 
g) other than the average travel speed for each mode, the output of this software includes 
other measures of effectiveness such as total travel tim , delays, and emissions that could 
be used to compare alternatives.  
  
3.4.4. Applying the BCI for Bicycles 
This task consists of calculating the Bicycle Compatibility Index (BCI) for each 
scenario.  BCI is the bicycle performance measure described earlier to be applied in this 
study.  The general equation to calculate the BCI for each scenario is as follow: 
BCI = 3.67 – 0.966BL – 0.41BLW – 0.498CLW + 0.002CLV + 0.0004OLV + 





3.4.5.  Computing Travel Speeds, Cost of Delays, and Operating Costs 
The next step is to compute the user cost, delay cost, and the operating costs for 
each mode of transportation.  The users’ cost depends largely on the average speed of the 
corresponding mode of transportation, which is one f the software outcomes.  The users’ 
cost could be limited to the time they spend in the transportation system, or could be 
extended to include wait time, fare cost for transit, and operating cost for private vehicles.  
The cost of delays for users is computed by multiplying the total delay time users 
experience while traveling within the corridor by an estimated average hourly user time 
value.   
The travel value of time is highly variable (Small et al., 2005) and depends on 
several factors, which include the type of trip, travel conditions, traveler preferences, 
mode of transportation, and time of day.  For example, people with full time jobs 
traveling during peak periods on congested roadways and crowded buses tend to have a 
higher time value, and therefore, are willing to pay more for travel time compared to 
retired or unemployed people.  An example of a lower travel time value is a recreational 
drive or train trip where people enjoy the experience (Mokhtarian, 2005) 
Travel time values can be estimated differently for different portions of a trip.  
The US Department of Transportation (1997) used the following travel time values for 
evaluating transportation projects (per person-hour in 1997 U.S. Dollars): in-vehicle time 
$8.90, out-of-vehicle time, $17.00, and commercial truck, $16.50.  In another example, 
TransFund New Zealand (1998) uses standard travel tim  values with detailed 
instructions for applying the following values (in 1998 NZ Dollars per hour) for travel 
work purpose:  $21.30 for auto driver, $19.25 for light commercial driver, $15.80 for 
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heavy commercial driver, and $21.30 for cyclist, pedestrian, and bus passenger. Those 
values are reduced during non-peak periods by 50% for pedestrians, cyclists, and 
standing bus passengers, by 66% for auto and light commercial drivers, and by 75% for 
auto passengers and seated bus passengers.     
The operating cost for each mode of transportation is determined by multiplying 
the total number of miles traveled by each mode by its related unit operating cost.  This 
unit cost is determined through collecting financial d ta about fleet maintenance costs 
available from a local government jurisdiction; in the study case, maintenance costs were 
obtained from the City of Rockville, Maryland, USA.  Fuel cost for idle time is also 
calculated.  More details about the operating and idling costs are presented in chapter 
four, section 5.  
 
3.4.6.  Measuring Mobility and Accessibility 
As Litman (2003) concluded that there is no single convenient and comprehensive 
way to measure transportation performance, measuring mobility and/or accessibility is 
one of the challenges facing this study.   
 
a.  Mobility  
Mobility refers to the movement of people or goods.  The increase in travel 
mileage or speed is perceived to benefit society.  In case of a transportation network, 
mobility can be measured by quantifying person-miles, ton-miles and travel speeds.  It 
can also be measured by determining the travel time needed to reach a specific attraction 
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from a specific point.  The latter method is applied in this study as will be described in 
the next chapter where a case study is demonstrated. 
 
b.  Accessibility 
Accessibility refers to the ability to reach desired services, activities or 
destinations.  Improving accessibility also benefits society, and mobility is one way to 
achieve this goal.  As mentioned earlier, there are several ways to measure accessibility.  
Determining the number of people who can reach a specific destination within a specific 
time-period, such as a 15-minute period, using a specific mode of transportation, is more 
practical and suitable for application in this study. 
One issue here is that both mobility and accessibility etter represent a network 
system rather than a specific route.  Therefore, a better assessment of mobility and 
accessibility can be made for an urban network rathe  t an a section of a road. 
 
3.4.7.  Evaluating Environmental and Safety Impacts 
Although the environmental and accident cost can be estimated using unit 
environment cost and unit accident cost, this study considers more accurate methods of 
measuring the environment and safety impacts.   
 
a.  Measuring Environmental Impact  
Methods proposed by Krizek (2004) to estimate and evaluate the economic 
benefits of bicycle facilities, and emission models applications such as MOBILE6 (2003) 
were investigated.  It has been determined that comparing emissions generated by the 
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MOBILE6 model for each scenario is a reasonable approach in this study.  For each 
average travel speed generated by VISSIM (2004), the emission model’s run provides 
emission rates for carbon monoxide (CO), oxides of nitrogen (NOx), and volatile organic 
compounds (VOC), among other emissions.  Volatile Organic Compounds are one of the 
main precursors of ground level ozone, which is toxic to plants and can cause breathing 
difficulties in humans (Environment Agency, 2006).  For each scenario, emission rates 
are accumulated for all vehicles including emission rates from idling.  A total number for 
CO, NOx, and VOC generated from the transportation system is calculated for each 
scenario. 
 
b.  Measuring Safety Impact 
Accident prediction models were investigated to predict the number of potential 
accidents corresponding to each alternative.  The model suggested to be applied in this 
study is the one presented by the Federal Highway Administration (1999) for roadway 
segments where the number of predicted accidents is a function of the lane width, as 
described in the previous chapter.  The model described for a four-leg signalized 
intersection can also be used.  However, it does not include variables for lane widths, but 
rather for left-turn movements, presence of protected left-turn signal phase on the major 
road, percentage of trucks, number of driveways near the intersection, and average daily 
traffic volume on both the major and minor roads.   
Bicycle safety is also considered when assessing safety impact.  As mentioned in 
the previous chapter, research showed that the existence of a bicycle lane contributed to 
safety improvement; drivers make fewer wide swerves when passing bicyclists on streets 
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with bicycle lanes.  Bicycle lanes also influence bicycle and motor vehicle positioning, 
and increase motorist awareness of cyclists on the stre t.  Since it is not possible to 
quantify safety impacts for cyclists in this study, it is reasonable to apply the results 
obtained when computing the BCI to assess bicycle safety, as previously suggested. 
 
3.4.8.  Making a Decision 
Several objectives have been identified for this research, including but not limited 
to: reducing costs and travel time, improving mobility and accessibility, increasing safety, 
reducing emissions, and improving bicycle operation.  Each of these objectives is 
determined for each suggested alternative when evaluated, but many of them, such as 
improving air quality, cannot be transformed into a single monetary dimension.  
Therefore, a multi-objective decision-making framework is employed to incorporate the 
multiple and conflicting objectives into a process where all of them are equally 
considered regardless of whether they can be estimated in monetary or non-monetary 
terms.   
The suggested multi-objective decision-making framework is a modified version 
of the method proposed by Chowdhury and Tam (2005) presented in the previous 
chapter.  The suggested method consists of identifying the objectives, selecting lane 
configuration scenarios, selecting MOEs, calculating he values of MOEs for each 
scenario, and transforming the values into a 0-to-100 scale.  The scenario scoring the 
highest value among the other scenarios receives 100 percent while the other scenarios 
receive a value less than 100 percent and correspondent to the performance level at the 
same objective.  The results are then presented to decision-makers in the form of charts 
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demonstrating the result of each objective when corresponding to a specific scenario.  
Different charts are provided to emphasize the result of specific objectives (travel time 
and delays for example), and one comprehensive chart an demonstrate a summary of all 
objective performances.   
This suggested method differs from the one presented by Chowdhury and Tam 
(2005) since it eliminates the constraint model.  Instead, the limits of each performance 
will be presented as the top and bottom values of each objective’s result accumulated 
from the outcome of all considered scenarios.  The benefits of this modified method are 
twofold; first, there is no real benefit of knowing the optimal value of one objective 
unless it is a possible value associated with one of the identified scenarios.  Second, this 
is a simplified method that has a better chance for application in the real world.  It is 
unlikely that transportation planners and/or engineers would have the tools and resources 
to formulate and solve a constraint model.  Transforming the performance values into a 
relative comparison, and presenting them in the form f charts, is more likely to be 
achieved with available resources.  As mentioned earlier, this method is not influenced by 
decision-makers input, and a decision can be made pending on the objectives that are 
most important for the decision-makers to achieve at the time when the decision is made.   
 
3.4.9.  Conducting Final (Sensitivity) Analysis 
Sensitivity analysis can be conducted, if needed, to further analyze the results and 
to provide an understanding of how the model responds when input are changed.  The 
input change in this study could be the mode choice, the number of passengers per auto 
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and per bus, the number of passenger vehicles, buses, and bicycles, lane width, and user 
time value. 
 
3.5.  Summary of Research Methodology 
In this chapter, an overview of the performance measures was provided and a 
detailed description of the research methodology was presented.  Tasks required to 
perform the suggested decision method for roadway lane designation were discussed.  
The tasks include:  1) identifying the different alternatives for the road allocation among 
different types of lanes; 2) collecting traffic data; 3) applying a traffic simulation model; 
4) applying the BCI for bicycles; 5) computing travel speeds, cost of delays, and 
operating costs; 6) measuring mobility and accessibility; 7) evaluating environmental and 
safety impacts; 8) preparing charts and making a decision to choose the preferred 
alternative; and finally 9) conducting final sensitivity analysis, if needed.  Figure 1 
summarizes the suggested procedure to perform the decision-making method for roadway 
lane-use designation among the variable modes of transportation. 
There are two different ways this method can be employed.  First, when the 
potential scenarios are limited to a small number, all scenarios can be evaluated and the 
results presented to the decision-makers. This can be applied in studies for short 
corridors, relatively small networks, or narrow roadways where the options are limited.  
Second, in case of large networks, where large number of scenarios can be generated 
automatically, a method of assigning weights to the measures of effectiveness, such as 
the analytical hierarchy process (AHP) can be applied (Saaty, 1980).  This process 
incorporates both qualitative and quantitative factors, based on priorities set by decision-
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makers, and simplifies complex decisions to a set of one-on-one comparisons (Tighe and 
Smith, 2005).   
The AHP consists of setting up the hierarchy for priorities, comparing 
characteristics of each factor, establishing priority vector, conducting a pair-wise 
comparison of scenarios/alternatives, establishing priority vectors for alternatives in 
priority matrices, and obtaining the overall ranking of alternatives.  This process was 
applied to make a recommendation for the best transportation system management in the 
town of Bremen (Boulter, 1999). 
Although it is not specifically recommended to apply the AHP in the proposed 
method in this research, since it includes input from stakeholders, it might be necessary to 
apply in some cases to narrow the number of scenarios to be evaluated in a 
comprehensive way. 
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Figure 1.  Tasks required to perform the decision-making method for roadway lane 
designation 
 
        Identify different alternatives  
        
 
  









Calculate the BCI for bicycles 
Compute travel speeds, delays, and 
operating costs 
Measure mobility and accessibility 




Evaluate environmental impact 
Evaluate safety impact 
Apply VISSIM 
Develop charts 
Make a decision 
An alternative is chosen No chosen alternative 
Sensitivity analysis,  
if needed 
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Chapter IV: NUMERICAL EXAMPLE AND RESULTS  
 
In this chapter, a numerical example is presented where the suggested method to 
assess lane-use allocation among a variety of viable modes is applied.  The example is for 
an existing section of a roadway adjacent to the Alderwood Mall, located at 3000 184th 
Street, SW, Lynnwood, Washington, USA.  The original model of this section was 
prepared as a VISSIM demonstration for a traffic simulation in an urban roadway.  The 
model was modified with different lane configurations to present different scenarios to be 
compared.  The section is approximately 1.3 miles long and includes six major signalized 
intersections and three bus stops in each direction.  Figure 2 shows the starting and 
ending points of the traveled section. 
While presenting this numerical example, the tasks described in the previous 
chapter were followed in the same order: 1) identifying different alternatives for the road 
allocation among different types of lanes; 2) collecting traffic data; 3) applying a traffic 
simulation model; 4) applying the BCI for bicycles; 5) computing travel speeds, cost of 
delays, and operating costs; 6) measuring mobility; 7) measuring accessibility; 8) 
evaluating environmental impact; 9) evaluating safety impact; 10) making a decision to 
choose the preferred alternative; and finally 11) conducting final sensitivity analysis, if 
needed. 
 
4.1.  Identifying Different Alternatives 
The different alternatives for allocating the road space among the different lane 
uses were identified using the following equality as described earlier: 
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Point (B): 
Ending point for NB 
Travel Time Section 
 






nmwm + nbwb + ncwc + npwp = W/2,  
This equality represents the available space of the road in one travel direction.  
Since scenarios include mixed traffic, exclusive bicycle, and exclusive bus lanes, three 
random scenarios were chosen for a road width of W = 52 feet (26 feet in each direction) 
as shown in Figures 3, 4, and 5: 
1. Two 13-foot mixed-traffic lanes 
2. One 12-foot mixed-traffic lane and one 14-foot exclusive bus lane 
3. Two 10.5-foot mixed-traffic lanes and one 5-foot bicycle lane 
Although scenarios are usually limited to a handful o  options, in some cases - 
where the road is relatively wide - a dozen or more potential options might be possible.  
Some form of automated scenario generation could be a useful future research idea, 
although it is difficult to replace the human judgment and experience that normally leads 
to those choices. 
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4.2. Traffic Data 
Existing traffic data for flow, speed, road characteristics, and traffic control 
devices were applied for each scenario.  The bicycle flow rate in this example is 16 
bicycles per hour, and the bus flow rate is 12 buses per hour for all three scenarios.  
Although the traffic flow on the main road consists of approximately 1,500 vehicles per 
hour, only 60 passenger vehicles make the full trip in the corridor from the upstream 
point (A) to the downstream point (B) shown in figure 2 for the northbound traffic.  
VISSIM uses routes instead of turning movements at intersections, and the input is in 
origin-destination format.  Only those vehicles that p ss over both the starting and ending 
points are captured.  The occupancy rates for buses and vehicles were estimated to be 20 
and 1.2 passengers per vehicle, respectively.  Road ch racteristics and traffic control data 
were also incorporated in this example to best simulate the existing conditions of traffic 
operations on this section of the road. 
 
4.3.  Applying a Traffic Simulation Model 
As mentioned earlier, the traffic simulation software VISSIM was the model 
selected to generate data for the different scenarios pplied in this study.  The software 
allows the integration of the different transportation modes available in this example into 
one consistent network model.  Detailed outputs for each scenario are provided in 
Appendix A.  The raw numbers coming from the output include travel times, delays, 
average standstill time per vehicle, and average stops per vehicle for each mode of 




Figure 6 - Data Collection Points for Speeds 
Data Collection  
#11 (NB) 
 
Data Collection #12 (NB) 
 
Data Collection #13 (NB) 
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Tables 4 through 7 summarize some of the average outputs of several runs of the 
model for each scenario, and include average travel speed, average travel time, and 
average delay for each mode of transportation.  Thetrav l time is the time spent in the 
corridor from point (A) upstream to point (B) downstream.  The average travel speed is 
the distance traveled between point (A) and point (B), divided by the total travel time, 
and the delay time is the difference between the theoretical (ideal) travel time and the real 
travel time.  The theoretical travel time is the time that would be required if there were no 
other vehicles, no signal controls, and no other stops in the corridor or network.  
 
Table 4.  Summary of the VISSIM Output for Scenario #1; Two 13-foot Mixed-
traffic lanes 
 
The table above summarizes the results of scenario #1, which consists of two 13-
foot mixed traffic lanes.  It shows that although passenger vehicles and buses share the 
same lanes, buses are slower when averaged over the ntire roadway.  This occurs 
because buses have to stop to load and unload passenger .  The average travel speed for 
bicycles is slightly less than the one for buses.  It hould be noted here that the average 
travel speed shown in the table is the total traveled distance (6,714.6 feet) divided by the 
total travel time, which includes both moving and idling times.  
 
 







Passenger Vehicle 22.55 203.0 63.6 
Bus 14.96 306.0 87.1 
Bicycle 13.15 348.1 51.7 
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Table 5.  Summary of the VISSIM Output for Scenario #2; One 12-foot Mixed  
Traffic Lane and one 14-foot Exclusive Bus Lane 
 







Passenger Vehicle 18.79 243.8 104.5 
Bus 14.71 311.3 91.0 
Bicycle 12.80 357.7 61.5 
 
Table 5 summarizes the results of scenario #2, which consists of one 12-foot 
mixed-traffic lane, and one 14-foot exclusive bus lane.  It shows that by separating the 
mixed traffic from buses, mixed traffic suffered from using one lane instead of two.  The 
average travel time for mixed traffic increased from 203.0 to 243.8 seconds (20 percent 
increase).  Bicycles in this scenario were traveling with the buses in the exclusive bus 
lane, and their average travel time increased by 9.6 seconds (2.8 percent).  Their average 
speed, however, was slightly less than the case of cenario # 1.   
The interesting outcome of this scenario is that although buses have their 
exclusive lane, their average delay increased from 87.1 to 91.0 (4.5 percent), and the bus 
travel time was nearly unchanged.  It increased from an average of 306.0 seconds in 
scenario # 1 to 311.3 seconds in scenario # 2, i.e. by 1 7 percent.  This could be explained 
by the fact that the benefit of having an exclusive bus lane was offset either by the 
interaction between buses and bicycles sharing the same lane, or the right-turn 
movements performed by the mixed traffic, which would cause the buses to stop more 
frequently.  It could also be an indication that in his road section, buses are not 
influenced by passenger vehicles, and the exclusive bus lane did not make much 
difference for buses’ travel performance. 
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In order to further investigate the reason behind this result, a new scenario (# 2b) 
was applied.  This scenario is identical to scenario # 2, except that bicycles were not 
included.  This new scenario resulted in the outcome shown in Table 6 below. 
 
Table 6.  Summary for Scenario #2b; similar to Scenario #2 without Bicycles 
 







Passenger Vehicle 17.4 263.2 125.4 
Bus 14.7 311.8 92.6 
 
In summary, the results of scenario # 2b confirmed that the mixed traffic is 
suffering from traveling in one lane instead of two.  The average travel time for buses did 
not improve in this scenario compared to scenario # 2, which included bicycles.  Another 
model run for this scenario provided an average travel time of 307.4 seconds, which is 
within 1.2 percent of the original result generated by scenario # 2.  Therefore, it is most 
likely that the interaction between bicycles and buses did not have impact on the buses’ 
travel time, and it is most probably that the exclusive bus lane is not justified in this case 
since it did not help the buses and, at the same ti, had negative impact on passenger 
vehicles.    
Table 7 below shows the outcome of running the model with scenario #3, which 
consists of two 10.5-foot mixed-traffic lanes and one 5-foot bicycle lane.  Scenario # 3 - 
compared to scenario # 1 - has a small effect on passenger vehicles and buses.  The 
average travel time increased by 3.0 seconds for aut s (1.5 percent) and 7.9 seconds for 
buses (2.6 percent).  Another important note is that both the bicycle average travel time 
 87
and average travel speed did not change much even though the bicycles have their own 
exclusive lane in this scenario.  Also, there was approximately a 5.7 and 4.1 percent 
increase in the average delay for passenger vehicles and for buses, respectively.  For any 
project with a set of alternatives, this type of analysis and discussion is possible.  The 
nature of the differences in outputs tends to be intuit ve, although the magnitudes of the 
changes need the thorough analysis to qualify accurtely.  Importantly, however, there 
are “winners” and losers” with each scenario, and these must be considered against one 
another in order for a decision to be made.  This will be further discussed later in this 
chapter under section 11. 
 
Table 7.  Summary of the VISSIM Output for Scenario #3; Two 10.5-foot Mixed  
 Traffic Lanes and one 5-foot Exclusive Bicycle Lane 
 
Visual tools tend to be very powerful at illuminating differences and tradeoffs in 
performance measures.  To this end, charts were devloped to summarize the results of 
the analysis described above.  The charts in Figures 7, 8 and 9 provide comparisons of 
scenarios for the average speed, average travel tim, and average delay time for each 
transportation mode in each scenario. 
 
 







Passenger Vehicle 22.23 206.0 67.2 
Bus 14.59 313.9 90.7 
Bicycle 12.90 355.0 58.8 
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Scenario # 1 Scenario # 2 Scenario # 3
 
 
Figure 8. Average Travel Time Comparison 







































































Scenario # 1 Scenario # 2 Scenario # 3
 
 
4.4.  Applying the BCI for bicycles 
 As mentioned earlier, the Bicycle Compatibility Index (BCI) is the bicycle 
performance measure applied in this study to evaluate the compatibility or suitability of 
bicycle travel along the roadway understudy.  Using the general equation, previously 
described in section 2.3.1, to calculate the BCI for each of the three scenarios resulted in 
the following outcome: 
BCI = 3.67 – 0.966BL – 0.41BLW – 0.498CLW + 0.002CLV + 0.0004OLV + 
0.022SPD + 0.506PKG – 0.264AREA + AF 
 
Scenario # 1: 
BCI = 3.67 – 0.966(0) – 0.41(0) – 0.498(4.0) + 0.002(1209/2) + 0.0004(1209/2) + 
0.022(41.98) + 0.506(0) – 0.264(0) + (0) = 4.05 
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Scenario # 2: 
BCI = 3.67 – 0.966(0) – 0.41(0) – 0.498(4.3) + 0.002(12) + 0.0004(1161) + 
0.022(37.8) + 0.506(0) – 0.264(0) + (0) = 2.85 
Scenario # 3: 
BCI = 3.67 – 0.966(1) – 0.41(1.5) – 0.498(3.2) + 0.002(1199/2) + 0.0004(1199/2) 
+ 0.022(39.7) + 0.506(0) – 0.264(0) + (0) = 2.81 
 
From the results above, it is clear that scenario # 3 has the lowest BCI, a value of 
2.81, which is equivalent to a level of service C, a moderately high compatibility level.  
The BCI for scenario # 2 was a close second with a value of 2.85, also equivalent to a 
level of service C.  Scenario #1 had the highest value of 4.05, equivalent to a level of 
service D, a moderately low compatibility index, which is approximately 42 and 44 
percent higher that the related values for scenarios # 2 and # 3, respectively. 
This result was expected since scenario # 3 includes an exclusive lane for the 
bicycles, and therefore, provides a high BCI.  It was followed by scenario # 2 where 
bicycles and buses share a wide lane, and finally, a narrower shared-lane – for scenario # 
1 - was the least favorable for bicyclists.  Figure 10 shows the BCI comparison for the 
three scenarios. 
 
4.5.  Computing Travel Speeds, Cost of Delays, and Operating Costs 
The average travel speed was computed earlier (see Figure 7) for each mode of 
transportation.  To compute the users’ cost, the average travel time was simply multiplied 
by an estimated average hourly user time value of $20 per hour.  It should be noted here 
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that the users’ cost in this example is limited to the time spent in the transportation 
system between points A and B.  A more detailed analysis could take into consideration 
the time spent from door to door to include wait time, e.g. at the bus stop, and walking 
time.  Vehicle operating cost could be added to the users’ cost, as it will be explained in 
the next few pages. 
 




















Scenario # 1: 
Users’ cost for auto user = (203.0/3600) x $20/hour = $1.13 
Users’ cost for bus user = (306.0/3600) x $20/hour = $1.70 
Users’ cost for bicycle = (348.1/3600) x $20/hour = $1.93 
Scenario # 2: 
Users’ cost for auto user = (243.8/3600) x $20/hour = $1.35 
Users’ cost for bus user = (311.3/3600) x $20/hour = $1.73 
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Users’ cost for bicycle = (357.7/3600) x $20/hour = $1.99 
 Scenario # 3: 
Users’ cost for auto user = (206.0/3600) x $20/hour = $1.14 
Users’ cost for bus user = (313.9/3600) x $20/hour = $1.76 
Users’ cost for bicycle = (355.0/3600) x $20/hour = $1.97 
 
The results of the users’ costs for the different modes of transportation (shown is 
Figure 11) reflect the results obtained from the average total travel time that users spent 
in the corridor from point (A) upstream to point (B) downstream.   
 
Figure 11.  Users’ Travel Cost Comparison 




























Scenario # 1 Scenario # 2 Scenario # 3
 
 
The average travel time includes the time when the mode of transportation is 
moving in addition to the delay time when it is stopping/idling.  It is noted that in 
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scenario #2, the users’ cost for auto users is approximately 19 percent higher than the 
related values for the other two scenarios. 
In order to distinguish the cost of delay, the users’ delay cost was also calculated.  
The computation is similar to the one applied to obtain the total user cost.  In this case, 
the estimated average hourly user time value is multiplied by the average delay time users 
experience while traveling within the corridor instead of the average travel time.  The 
result is as follow:   
 
Scenario # 1: 
Users’ delay cost for vehicle user = (63.6/3600) x $20/hour = $0.35 
Users’ delay cost for bus user = (87.1/3600) x $20/hour = $0.48 
Users’ delay cost for bicycle = (51.7/3600) x $20/hour = $0.29 
Scenario # 2: 
Users’ delay cost for vehicle user = (104.5/3600) x $20/hour = $0.58 
Users’ delay cost for bus user = (91.0/3600) x $20/hour = $0.50 
Users’ delay cost for bicycle = (61.5/3600) x $20/hour = $0.34 
 Scenario # 3: 
Users’ delay cost for vehicle user = (67.2/3600) x $20/hour = $0.37 
Users’ delay cost for bus user = (90.7/3600) x $20/hour = $0.50 
Users’ delay cost for bicycle = (58.8/3600) x $20/hour = $0.33 
 
The results of the users’ delay costs for the different modes of transportation 
reflect the results obtained from the average delay time that users spent in the corridor 
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from point A upstream to point B downstream.  It should be noted here that in scenario 
#2, the users’ delay cost for auto users is approximately 66 and 57 percent higher that the 
related values for scenarios # 1 and # 3, respectively.  Figure 12 presents a comparison of 
users’ delay cost for each mode of transportation for the three scenarios. 
 
Figure 12. Users’ Delay Cost Comparison 






























Scenario # 1 Scenario # 2 Scenario # 3
 
 
The operating cost for each mode of transportation is determined by multiplying 
the total number of miles traveled by each mode by its related unit operating cost.  This 
unit cost is determined through collecting financial d ta about fleet maintenance costs 
available from a local government agency: the City of Rockville, in Montgomery County,  
Maryland, USA.   Table 8 below summarizes operational costs for different types of 
vehicles as an average of total cost spent during calendar year (2005) for different types 
of vehicles.  More details of operational costs are attached in Appendix B.   
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Table 8.  Vehicles’ Operational Costs per Mile 








Sedan 0.137 0.030 0.111 0.278 
Police Cruiser 0.214 0.020 0.203 0.436 
Pickup < 5000 GVW 0.220 0.029 0.144 0.393 
4 x 4 Sport Utility 0.216 0.037 0.133 0.385 
Minivan 0.237 0.025 0.166 0.428 
Bus 0.426 0.026 0.290 0.742 
 
Although these data are not from the same jurisdiction as the case study, this is 
irrelevant.  The point is that such data exist at the jurisdiction level and anyone applying 
these methods could determine them. 
Since this case study is only comparing scenarios on a corridor, and there is only 
one route from point (A) to point (B), the distance traveled between the two points is the 
same for all vehicles.  The operational cost comparison would be more meaningful in 
case of a network when drivers can choose different routes and thus, travel different 
distances, which would produce different operational costs.  It can also be applied to 
compare different scenarios with different traffic lows for each mode of transportation 
since the operation cost of a passenger vehicle is less than that of a bus. 
In order to compare operational costs for the different scenarios in this case study, 
the operational costs during the travel are added to the costs of idle time.  Table 9 
summarizes the average idle time for each unit of mode of transportation for each of the 
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three scenarios.  The average idle time (seconds) is calculated by multiplying the average 
number of stops per vehicle and the average standstill time per vehicle (seconds), 
obtained from VISSIM’s outputs.  
 
Table 9.  Average Idle Time per Mode of Transportation (in Seconds) 
Total Idle Time 
per Unit Mode of 
Transp. (Seconds) 
Passenger Vehicle 
(Avg. Idle time x 
Avg. # of stops) 
Bus  
(Avg. Idle time x 
Avg. # of stops) 
Bicycle 
(Avg. Idle time x 
Avg. # of stops) 
Scenario # 1 35.8 x 2.4 = 85.92 25.0 x 1.7 = 42.5 36.1 x 2.6 = 93.90 
Scenario # 2 43.4 x 2.74 = 118.9 24.6 x 1.74 = 42.8 46.8 x 3.03 = 141.8 
Scenario # 3 39.3 x 2.5 = 98.25 29.5 x 2.1 = 61.95 40.2 x 2.5 = 100.5 
 
Fuel expenses - during idling - per vehicle per trip can be calculated assuming a 
typical vehicle burns about 1 gallon of gasoline per idling hour (GPS Fleet Solutions, 
2006), for a cost of $3/gallon, which was the US national’s average price in August 2006 
(USA Today).  Of course, fuel costs change over time, and some agreement would have 
to be reached among the involved parties as to whatan ppropriate value would be.  For 
future projects, this could be a point of some contention, and one could perform 
sensitivity analysis with respect to fuel price, or run full sets of analyses that are identical 
except for competing choices of fuel price.  In this study, the cost of fuel used during 
idling was added to the operational cost during traveling and the total operating costs of 
autos and buses traveling between upstream point (A) and downstream point (B) were 
calculated as follows: 
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Scenario # 1: 
Operating cost for autos:  [$3 (85.92)/3600 + 0.278 * 1.3] * 60 autos = $26.0 
Operating cost for buses:  [$3 (42.5)/3600 + 0.742 * 1.3] * 12 buses = $12.0 
Total operating cost: $38.0 
Scenario # 2: 
Operating cost for autos:  [$3 (118.9)/3600 + 0.278 * 1.3] * 60 autos = $27.6 
Operating cost for buses:  [$3 (42.8)/3600 + 0.742 * 1.3] * 12 buses = $12.0 
Total operating cost: $39.6 
Scenario # 3: 
Operating cost for autos: [$3 (98.25)/3600 + 0.278 * 1.3] * 60 autos = $26.6 
Operating cost for buses: [$3 (61.95)/3600 + 0.742 * 1.3] * 12 buses = $12.2 
Total operating cost: $38.8 
 
It is noted that the operating cost for an auto in scenario # 2 is approximately 6.2 
and 3.8 percent higher that the related values for cenarios # 1 and # 3, respectively.  The 
comparison for buses did not show more than 1.7 percent deviation among all three 
scenarios.  For the total operating cost, scenario # 2 is approximately 4.2 and 2.1 percent 
higher than scenario #1 and scenario # 3, respectively.  Figure 13 shows a comparison of 
total operating cost for both autos and buses for each of the three scenarios. 
 
4.6. Measuring Mobility  
As mentioned previously, mobility can be calculated by quantifying the travel 
time needed to reach a specific point of attraction such as a CBD.  By reviewing the 
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travel time results of the three scenarios, the following summarizes the total travel time 
used by 60 autos, 12 buses, and 16 bicycles to travel between upstream point (A) and 
downstream point (B): 
 
Total Travel Time for scenario # 1:  (60 x 203) + (12 x 306) + (16 x 348.1) 
           = 21421.6 vehicle-seconds = 5.95 vehicle-hours 
Total Travel Time for scenario # 2:  (60 x 243.8) + (12 x 311.3) + (16 x 357.7) 
           = 24087 vehicle-seconds = 6.69 vehicle-hours 
Total Travel Time for scenario # 3:  (60 x 206.0) + (12 x 313.9) + (16 x 355.0) 
           = 21807 vehicle-seconds = 6.06 vehicle-hours 
 



























The results shown suggest that scenario #2 has the hig st total travel time, 
approximately 12.4 and 10.4 percent higher that the related values for scenarios # 1 and # 
3, respectively.  Since this is the time used by the same number of autos, buses and 
bicycles to travel the same distance, it is clear th t he longer travel time is caused by the 
delay, and is a negative factor when assessing mobility in this case. Figure 14 shows a 
comparison of mobility for each of the three scenarios in terms of travel time in hours.   
 


























The meaning of the specific locations (A) and (B) in this case study is not 
important.  The point is that any measure of mobility has to be given context, and one 
way to do this is to pick - for the specific site under study - a location for which it is 
appropriate to measure travel times. 
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4.7. Measuring Accessibility  
Accessibility can be evaluated by quantifying the number of people that can reach 
a specific point of attraction such as a CBD in a specific amount of time.  In order to 
calculate this quantity for the example provided, data were collected at a specific point 
(point # 13, as shown in figure 6) for each of the t ree scenarios for the northbound 
traffic.  This point is close to the end of the corridor, which should give a good indication 
of the rate by which vehicles are accessing the final destination. 
In scenario # 1, data collected at this point showed that 84 autos, 3 buses, and 2 
bicycles crossed this point during the first 900 seconds of the data collection period.  This 
is compared to 80 autos, 3 buses, and 1 bicycle for scenario # 2, and 88 vehicles, 3 buses, 
and 2 bicycles for scenario # 3. 
  To compare the three scenarios, the total number of persons crossing data 
collection point #13 during the one-hour period are ccumulated, taking into 
consideration the estimated numbers of passengers of 1.2/auto, 20/bus, and 1/bicycle).  
The results were as follows: 
 
Scenario #1: (84 + 106 + 104 + 110)*1.2 + 12*20 + 15*1 = 740 persons. 
Scenario #2: (80 + 97 + 90 + 108)*1.2 + 12*20 + 13* = 703 persons. 
Scenario #3: (88 + 96 + 100 + 93)*1.2 + 12*20 + 16* = 708 persons. 
 
The results for accessibility suggest that scenario # 1 provides the highest number 
of persons accessing a specific point at the end of the corridor, followed by scenario # 3.  
It should also be noted that the result is not different during each of the four 15-minute 
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periods independently, as scenario #1 has consistently provided high number compared to 
the other two scenarios.  Figure 15 shows a comparison of accessibility for the three 
scenarios in terms of number of trips for autos broken down into four 15-minute periods. 
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Similar to what was previously mentioned when assessing mobility, accessibility 
can be better assessed in a case of a network rather than a corridor because each 
passenger and mode of transportation will have a variety of route choices to reach a 
specific point of attraction.  In a transportation network, similar method can be used to 
measure accessibility.  The analyst should also consider quantifying the number of 
households that are connected to the center of attraction through bicycle lanes, bus lanes 
or other mode of transportation 
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4.8.  Evaluating Environmental Impact 
The environmental impact is assessed by comparing emission data generated by 
MOBILE6 (2003) for each alternative.  MOBILE6, a model authorized by the 
Environmental Protection Agency, can provide emission rates for both idling time and 
traveling time.  The emissions due to idling are calcul ted for autos and buses by 
multiplying the their respective idling times by the idling emission rate.  It is the product 
of the average number of stops, the average standstill time per vehicle, and the number of 
vehicles.  The emissions generated during travel time are calculated for each segment of 
the corridor by multiplying the emission rates (grams/mile) related to the mean speed on 
this segment by the vehicle-miles traveled (see Appendix C for a sample of a Mobile6 
run for one of the average speeds).  Emission defaults pplied in this study are those for 
Montgomery County, Maryland, USA, and are provided by the Motor Vehicle 
Department, reflecting the different mix of vehicles icensed in the county.  Table 10 
summarizes the emission rates for idling and for traveling at different speeds (10 mph to 
32 mph), and Table 11 below summarizes the rates calculated for the three sc narios. 
The results indicate that the emission rates for scenario # 1 were the least, 
followed very closely by emissions (VOC and NOx) generated by scenario # 3.  The 
emissions resulting from scenario # 2 were clearly more than those of the other two 
scenarios in all three categories.  For example, the VOC rates for scenario # 2 were 
approximately 15 percent more than those for scenario # 1.  The NOx and CO rates were 
approximately 4 and 6 percent more than the related values resulting from scenario # 1.  
Figure 16 shows a comparison of the environmental impact in terms of grams of 






Table 11.  Environmental Impact Comparison 
 VOC (grams) NOx (grams) CO (grams) 
Scenario # 1 285 646 3,318 
Scenario # 2 327 673 3,502 
Scenario # 3 286 648 3,301 
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4.9.  Evaluating Safety Impact  
To evaluate the three scenarios taking into consideration the different lane widths, 
the accident prediction algorithm described in chapter three is applied.  It should be noted 
here that although this model was generated for rural two-lane highways, it was applied 
in this study to compare results, which are effected by different lane widths, and not 
necessarily to predict the actual number of accidents for each of the three scenarios.    
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Using a value of 10,000 vehicles/day for the ADT, and 1.3 miles for L, the 
equation is simplified to Nbr = (4.745) exp (0.8833 – 0.0846 LW – 0.0591 SW), and the 
predicted number of total accidents per year on the corridor under study is as follows for 
each scenario: 
Scenario #1: (4.745) exp (0.8833 – 0.0846 x 13 – 0.0591 x 0) = 3.8 
Scenario #2: (4.745) exp (0.8833 – 0.0846 x 12 – 0.0591 x 0) = 4.1 
Scenario #3: (4.745) exp (0.8833 – 0.0846 x 10.5 – 0.0591 x 0) = 4.7 
It is noted that in scenario #3, the predicted number of accidents is higher by 
approximately 15 and 24 percent than the related values for scenarios # 2 and # 1, 
respectively.  The narrower lane is the main factor affecting this result.   
In reference to the intersections, the model described earlier for a four-leg 
signalized intersection is not applied in this case study since it does not include variables 
for lane widths, but rather for factors that have th  same value for each scenario.  These 
factors include left-turn movements, presence of prtected left-turn signal phase on the 
major road, percentage of trucks, number of driveways near the intersection, and average 
daily traffic volume on both the major and minor roads.   
A factor that was also considered when assessing safety and the predicted number 
of crashes is the number of stops experienced by all transportation modes throughout the 
corridor for each scenario.  It is reasonable to predict that the increase in the number of 
stops is positively related to the potential number of rear-end accidents.  Table 12 below 




Table 12.  Average Number of Stops for Each Mode of Transportation  
 Average Number of Stops/Vehicle 
 Autos Buses Bicycles 
Scenario # 1 2.4 1.7 2.6 
Scenario # 2 2.7 1.45 3.33 
Scenario # 3 2.5 2.1 2.5 
 
It is noted that scenario # 1 experienced the leastaverage number of auto stops, 
followed by scenario # 3.  Although it is very unlikely that the bicycles or buses would 
experience rear-end accidents, it should be noted that the highest average number of stops 
for buses and bicycles were experienced by scenario # 3 and scenario # 2, respectively. 
From the above, it looks that so far, scenario # 1 provides the best impact on 
safety since it has the lowest predicted number of accidents and the least number of stops.  
However, having bicycles in their own exclusive lane should improve safety for bicycles 
and reduce the interactions and conflicts between bicyclists and motorists.  Therefore, a 
category of bicycle safety was added to this analysis to point out the factor of bicycle 
safety. 
As suggested in the previous chapters, since the existing of pavement marking 
and the width of bicycle lane are important factors t  assess bicycle safety, the BCI is 
applied to assess bicycle safety for each scenario.  Lo king at the three scenarios in this 
case study, it is reasonable to say that the third scenario, which includes a 5-foot bicycle 
lane, is the safest of the three scenarios for bicyclists and for motorists from the point of 
the interaction between them.  The second scenario should also be favorable for bicyclists 
from a safety point of view since they share the road with buses only on a 14-foot lane, 
which is a very wide lane.  It should be noted thate results obtained when the BCI was 
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applied matched this result as the third scenario was ranked first among the three 
scenarios, followed by the second scenario and finally the first scenario was ranked last. 
Figure 17 summarizes the safety impact for each scenario by showing a 
comparison of average number of stops for autos, predicted number of total accidents per 
year along the corridor, and the BCI (for bicycle safety) for each of the three scenarios.  
Scenario # 1 provides the best safety impact for motor vehicles and scenario # 3 for 
bicycles. 

















Scenario # 1 Scenario # 2 Scenario # 3
 
4.10.  Making a Decision  
A multi-objective decision-making framework is employed to incorporate the 
multiple objectives into a process where they are all qually considered regardless of 
whether they can be estimated in monetary or non-moetary terms.  The suggested multi-
objective decision-making framework for this study presents the data in a form that 
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would be used for such an endeavor.  Charts were prpared for presentation to decision-
makers demonstrating the result of each objective wh n corresponding to a specific 
scenario.  In one comprehensive chart, where all objectives are presented, each objective 
value is transformed into a scale of 0-100.   The scenario scoring the highest value among 
the other scenarios receives 100 percent while the ot r scenarios receive a value less 
than 100 percent and correspondent to the performance level at the same objectives.  The 
advantage of this method is that it is not influenced by decision makers’ input, which 
consists of assigning a weight for each objective before the final results are presented.  
By applying the suggested method, a decision can be made pending on the objectives that 
are most important for the decision-makers to achieve at the time when the decision is 
made. 
Tables 13 and 14 present a summary of the objective results in true values and in 
percentages, respectively.  The same information is also provided graphically in Figure 
18.  The results show that the performance levels for 16 objectives favor scenario # 1.  It 
was clear that the major weakness of this scenario is the bicycle-related objectives (BCI, 
and thus, bicycle safety).  Scenario # 3 clearly comes second overall, with best results in 
three objectives and levels of performance within 6 percent or less of the leading scenario 
in 14 other objectives.  The major strengths of this scenario are the bicycle-related 
objectives, and its major weakness is its highest predicted number of accidents.  Scenario 
# 2, which provides the worst performance in 13 out of the 19 measured categories, 
comes in last place.  It should be noted, however, that scenario # 2 provides good results 






It should also be noted here that although all 19 objectives are important, it is not 
necessary to present them all to decision-makers in order to allow them choosing their 
preferred scenario.  Several factors are expected to influence the decision of which 
objectives to be evaluated, such as the specific interests of the decision-makers, the 
purpose of the project, and its location. 
 
4.11.  Variability of the Results  
As mentioned in the previous section, the results in general show that the 
performance levels for scenario # 1 are higher thanose of the other two scenarios, 
except for the BCI, and thus, bicycle safety.  Scenario # 2 has the lowest performance 
levels for auto-related objectives, and scenario # 3 has the highest BCI and the lowest 
safety level of performance.  It should be noted, however, that although some of the 
results are clearly in favor of a specific scenario o  another, some results for objectives’ 
performance levels are statistically indistinguishable.  Table 15 provides the sample 
means and standard deviations of all objectives compared in this study. 
The table shows that examples of objectives with performance levels that are 
statistically indistinguishable across scenarios include travel time for bicycles, travel 
speed for buses, and auto and bus-operating costs.  Other objectives, such as travel time 
and delay for autos, provide similar results for scenarios # 1 and # 3, and clearly low 
performance levels for scenario # 2.  Another example of a clear poor performance is in 
scenario # 1 for the BCI, while the other two scenarios provide similar results with a 
slight advantage for scenario # 3.  Figures 19 and 20 provide this information graphically 
and illustrate some objectives with clear winners, and others with results statistically 
indistinguishable. 
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Table 15.  Means and Standard Deviations for Study Objectives 
Objective Scenario # 1 Scenario # 2 Scenario # 3 
  Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. 
Travel Time (auto) 203.0 2.6 243.8 6.2 206.0 2.0 
Travel Time (bus) 306.0 8.1 311.3 4.7 313.9 4.8 
Travel Time (bike) 348.1 4.0 357.7 7.3 355.0 5.6 
Travel Speed (auto) 22.6 0.3 18.8 0.5 22.2 0.2 
Travel Speed (bus) 15.0 0.4 14.7 0.2 14.6 0.2 
Travel Speed (bike) 13.2 0.2 12.8 0.3 12.9 0.2 
BCI 4.05 0.04 2.85 0.02 2.81 0.01 
Mobility 5.95 0.06 6.69 0.10 6.06 0.03 
Accessibility 740 27.2 703 13.9 708 20.5 
Auto User's Cost ($) 1.13 0.01 1.35 0.03 1.14 0.01 
Bus User's Cost ($) 1.70 0.05 1.73 0.03 1.74 0.03 
Bike User's Cost ($) 1.93 0.02 1.99 0.04 1.97 0.03 
Accidents 3.83 0.05 4.07 0.09 4.68 0.09 
Auto Operating Cost 26.04 0.32 27.63 0.42 26.65 0.29 
Bus Operating Cost 11.99 0.08 12.01 0.10 12.19 0.11 
VOC (Grams) 285.0 8.7 327.1 8.4 286.1 7.5 
NOx (Grams) 646.2 20.1 673.0 7.1 647.5 14.2 
CO (Grams) 3,318.4 104.2 3,502.2 51.3 3,300.7 75.1 
 
 
4.12.  Growth in Demand 
As a follow up to the previous section, more analyses were performed to assess 
possible changes in the ranking of scenarios in the future.  An annual 2 percent growth in 
demand was projected, and the three scenarios were evaluated for 10 and 20 years into 
the future, with a total growth of approximately 22 and 49 percent, respectively.  Table 
16 provides the detailed measures of effectiveness for each objective for the 10-year and 
20-year analyses. 
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Figure 19.  Variability for Travel Time for Autos and Bicycles 
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Figure 20.  Variability for BCI and Predicted Number of Accidents 












Table 16.  Measures of Effectiveness for the 10-year nd 20-year Projections 
 
10 Years 20 Years 
Objective Scenario # 1 Scenario # 2 Scenario # 3 Scenario # 1 Scenario # 2 Scenario # 3 
Travel Time (auto) 216.3 456.4 217.9 365.6 608.1 311.5 
Travel Delay (auto) 77.7 319.8 80.2 226.4 468.2 173.3 
Travel Time (bus) 331.5 425.5 318.2 476.9 521.4 418.6 
Travel Delay (bus) 110.1 204.6 96.8 256.5 301.5 197.9 
Travel Time (bike) 372.9 483.4 357 515.3 532.2 336.7 
Travel Delay (bike) 75.5 185.7 60.3 216.7 234.6 73.5 
Travel Speed (auto) 21.2 10.0 21.0 12.8 7.5 15.0 
Travel Speed (bus) 13.8 10.8 14.4 9.7 8.8 11.0 
Travel Speed (bike) 12.3 9.5 12.8 9.0 8.6 14.1 
BCI 4.17 2.38 2.94 4.14 2.36 2.85 
Mobility (Veh.-hours) 7.8 13.6 7.7 15.0 21.4 12.1 
Accessibility 854 740 846 914 776 893 
Auto User's Cost ($) 1.20 2.54 1.21 2.03 3.38 1.73 
Bus User's Cost ($) 1.84 2.36 1.77 2.65 2.90 2.33 
Bike User's Cost ($) 2.07 2.69 1.98 2.86 2.96 1.87 
Accidents 4.66 5.07 5.76 5.80 6.24 7.13 
Auto Operating Cost 33.3 80.8 33.8 91.0 211.0 59.8 
Bus Operating Cost 15.4 16.8 15.0 28.4 26.7 22.3 
VOC (Grams) 353 525 352 578 623 509 
NOx (Grams) 790 869 776 1126 984 1013 
CO (Grams) 3976 4650 3950 5355 5019 5068 
Idle time (auto) 44.3 109.4 46.8 116.0 178.7 73.2 
# stops (auto) 2.5 8.2 2.6 6.3 13.3 4.8 
Total Idle Time (auto) 112.1 891.6 120.7 779.0 2380.3 364.2 
Idle Time (bus) 42.5 57.7 31.8 113.1 102.6 66.7 
# Stops (bus) 2.5 3.9 2.1 6.2 6.1 4.8 
Total Idle Time (bus) 106.3 222.1 68.1 733.8 621.8 329.5 
 
 
a) Ten-year Growth 
From the table above, the measures of effectiveness for the ten-year growth show 
that scenario # 1 continues to provide better results than scenario # 2 in all categories, 
except for the BCI.  In fact, due to the substantial increase in travel times for all modes of 
transportation in scenario # 2, the gap between the two scenarios substantially increases.  
The same can be said when comparing scenario # 2 and sce ario # 3, since the latter 
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consistently provides higher levels of performance, except for the BCI and safety 
measures, where scenario # 2 provides better measures.  It should be noted that the 
improvement in the BCI for scenario # 2 is due to the slower traffic flow in this scenario. 
When comparing scenarios # 1 and # 3, a slight change is noticed in the buses and 
bicycles’ travel times and delays, as well as for mbility, where scenario # 3 starts to 
show a small advantage over scenario # 1.  On the other hand, scenario # 1 still provides 
best results in safety, and scenario # 3 provides a better BCI than scenario # 1.   
In summary, the ten-year growth shows that scenario # 3 starts to have a slight 
advantage over scenario # 1 in almost all categories except for safety, and scenario # 2 
starts to experience substantial delays for all the modes of transportation.   Figures 21 
and 22 summarize some of those results. 
 
Figure 21.  Average Travel Time Comparison for the 10-Year Projection 
































Scenario # 1 Scenario # 2 Scenario # 3
 
 115
Figure 22.  Safety Impact Comparison for the 10-Year Projection 
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b) Twenty-year Growth 
The measures of effectiveness for the twenty-year growth did not change much 
from the ten-year growth results for the BCI and safety measures.  However, the 49 
percent increase in traffic flow has negatively impacted scenario # 1 the most.  The travel 
times and delays have increased for all modes of transportation for all three scenarios, but 
more so in the case of scenario # 1.  This latter sc nario continued to provide better 
results than scenario # 2 for auto-related objectivs, but the gap decreased in the bus and 
bicycle-related objectives.  When compared to scenario # 3, scenario # 1 was behind in 
all objectives, except for safety impact.  In the 20-year analysis, it was clear that scenario 
# 3 is the best scenario in this case.  This could be explained by the fact that when traffic 
is highly congested, it is beneficial to separate the non-motorized from the motorized 
vehicles.  This is in support of the study conducted by Hossain and McDonald (1998) as 
 116
described earlier in chapter two.  Figures 23 and 24 summarize some of the related 
results. 
 
Figure 23.  Average Travel Time Comparison for the 20-Year Projection 
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In conclusion to this section, transportation planners should have a responsibility 
of projecting a reasonable growth rate in demand that would best fit the location under 
study and the expected new developments in the region.  This rate should be applied in 
the proposed method to allow assessing the performance of the different scenarios in the 
future.  Figure 25 summarizes the travel time comparison for current traffic flow, and for 
the 10 and 20-year projections for all three scenarios.  It is clear that in 10 years, scenario 
# 2 will performed poorly, and in 20 years, scenario # 3 will have the edge over scenario 
# 1, while scenario # 2 will continue to provide th lowest performance measures. 
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Figure 24.  Safety Impact Comparison for the 20-Year Projection 
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Figure 25.  Average Travel Time Comparison for the 0, 10, and 20-Year Projections 
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4.13.  Conducting Sensitivity Analysis 
A sensitivity analysis was conducted to provide an understanding of how the 
model responded when inputs were changed.  Some of th  input change in this study 
include mode choice, number of passengers per auto and per bus, number of autos, buses, 
and bicycles, user time value, fuel cost per gallon, and lane width.  Examples of 
sensitivity analysis provided in this chapter include: 1) mode choice; 2) autos and buses’ 
occupancy; 3) lane-width analysis; and 4) number of buses and number of bicycles.   
For the first two analyses, only the occupancy numbers change, but not the total 
number of vehicles (autos, buses and bicycles).  The objectives affected in those two 
cases are limited to the users’ costs for travel and for delay.  Since the cost of delay is 
included in the total cost of travel, the users’ costs of travel are compared for all three 
scenarios.  Although the numbers of vehicles are not changing in the third analysis as 
well, the travel time is influenced by the change in lane width.  In the fourth analysis, 
where numbers of buses and bicycles are changing, performances for all objectives are 
expected to change.  The travel time is the focus of comparison for the last two analyses.  
 
Mode Choice Analysis 
For the mode choice analysis, the total number of passengers moving from the 
upstream point (A) to the downstream point (B) does not change.  This number was 
assumed at the beginning of the case study to be 312 passengers (60 autos x 1.2 
passengers/auto + 12 buses x 20 passengers/bus).  When the same 312 vehicle passengers 
use different modes of transportation, it is found that for a similar occupancy for autos 
and buses, scenario # 1 provides the least users' cost, followed closely by scenario # 3, 
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and scenario #2 was further behind them.  It is also shown that when more passengers 
occupy a bus, the performance of scenario # 2 - for use s’ costs – improves, in relation to 
the other two scenarios.  For example, when comparing the total users’ costs, including 
the operating cost, in the case of 5 passengers occupying an auto and 1 occupying a bus, 
the cost for scenario # 2 was approximately 17 and 16 percent higher than the user’s cost 
for scenario # 1 and scenario # 3, respectively.   When the number of passengers 
occupying an auto and a bus were 1 and 21, respectively, the user’s cost for scenario # 2 
was only about 4 and 2 percent higher than the cost for cenarios #1 and #3, respectively.   
It was also clear that Scenario # 1 was still the best scenario among the 3 
scenarios, regardless if users decided to change their c oice of mode of transportation, as 
long as the same number of vehicles on the road did not change.  Figure 26 and Table 17 
summarize the results of the mode choice sensitivity analysis. 
Figure 26.  Sensitivity Analysis for Mode Choice 
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Autos and buses’ Occupancy Analysis 
In the case of sensitivity analysis for the number of passengers occupying autos and buses 
(i.e., ridership), several runs were performed with d fferent occupancy numbers.  
Differently than the mode choice sensitivity analysis, in this case, the total 
number of passengers did not have to stay unchanged at 312.  The runs were performed 
for occupancy rates of 1.0, 1.1, 1.2, 1.5, and 1.75passengers per auto while the 
occupancy number for buses ranged between 1 and 40.  In other words, for each specific 
number of passengers in an auto, a table was generat d with different numbers of 
passengers in a bus, and ranged between 1 and 40.  Tables 18a through 18e summarize 
the results. 
In all five cases analyzed, while increasing the number of passengers per bus, the 
gap in users' cost decreases between scenarios # 2 and 3.  For example, in the case of 1.2 
passengers per auto, the difference in the total users’ cost went down from 15 percent 
(with one passenger per bus) to 10.3 percent (with 40 passengers per bus).  On the other 
hand, the gap increases between scenario # 1 and the other two scenarios. 
 
Lane-Width Analysis 
This analysis was applied in this case study to assess the effect of modifying the 
lane width on one scenario rather than comparing different scenarios with different lane-
use allocation.  Scenario 2b, which consists of one 12-foot mixed-traffic lane and one 14-
foot exclusive bus lane, was analyzed using different lane widths for each lane while 
keeping the full width for this travel direction to 26 feet.  The following scenarios were 















lane and 15-foot exclusive bus lane, and 13-foot lane for each.  Figure 27 shows the 
summary of the travel time comparison, and the detailed results for these cases are 
attached in Appendix D. 
The analysis shows that for autos, there was a clear reduction (approximately ten 
percent) in travel time when the mixed-traffic lane width increased from 10 to 11 feet.  
After that, when the auto-lane width increased beyond 11 feet, the travel time for autos 
slightly changed within 2.5 percent.  In case of buses, there was a slight reduction 
(approximately three percent) in travel time when the exclusive bus lane width was 
reduced from 16 to 15 feet. After that, when the bus lane width was reduced to 14 feet 
and then to 13 feet, the travel time for buses increased by 5.8 and 6.6 percent, 
respectively.  The graph suggests that if an exclusive bus lane were implemented in this 
case study, the scenario of 11-foot mixed-traffic lane and 15-foot exclusive bus lane 
would provide the least travel time.  
 
Figure 27.  Travel Time Comparison for Different Lane-Width Cases – Scenario 2b  
Travel Time Comparison for Different


































Analysis for Number of Buses and Bicycles 
Another example of sensitivity analysis applied in this case study was to change 
the number of buses and bicycles, while keeping the same number of autos in the 
corridor.  Three new cases were evaluated for each of the three scenarios where the 
following numbers were applied: 
a. 36 buses and 16 bicycles. 
b. 60 buses and 16 bicycles. 
c. 12 buses and 60 bicycles. 
The results showed that the different numbers of buses and bicycles did not have 
much impact on the final results.  Similar to the original case, scenario # 1 continued to 
provide best performance for autos, followed closely by scenario # 3.  It was noticed that 
travel times for buses increased when the number of buses increased in all cases, while 
this was not necessary in the case of bicycles.  Travel times for bicycles stayed without 
significant change throughout the analysis, except for scenario # 1 in case (b), when it 
increased by more than 10 percent.  For the same case, tr vel times for bicycles increased 
by 4 percent in scenario # 2, and did not change in sce ario # 3.  The results are 
reasonable since bicyclists would be sharing a 13-foot lane with 60 buses and other 
vehicles in scenario # 1.  The situation is better in scenario # 2 when they share a 14-foot 
exclusive bus lane with 60 buses, but without autos.  In scenario # 3, bicycles stay in their 
exclusive bicycle lane with minimum interaction with other motor vehicles. 
When comparing the different cases for scenario # 1 to its original case, the travel 
times for autos, buses, and bicycles, increased by 6.2, 3.6, and 5.2 percent, respectively, 
in case (a).  In case (b), the increase went up to 6.8, 7.8, and 15 percent, and the changes 
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were below 3.4 percent for all three modes in case (c).  Figures 28 and 29 show the 
summary of the travel time and emission rate comparisons, respectively, for the different 
cases of scenario # 1, and the detailed results for these cases are attached in Appendix E. 
 
Figure 28.  Travel Times for Four Different Cases – Scenario # 1 
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Figure 29.  Emission Rates for Four Different Cases – Scenario # 1 
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4.14.  Experimental Survey 
In an effort to provide a complete case study, a survey was prepared and given to 
two groups; one group consisted of transportation pr fessionals from different 
jurisdictions, and the other group consisted of elect d and non-elected officials who 
frequently make decisions on transportation-related projects, and most of the times, they 
are not transportation professionals.   
The survey included two sets of questions: the first set consisted of general 
questions about traffic congestion, major challenges, and potential solutions to reduce it, 
and the second set consisted of questions related to choices of a preferred scenario, where 
several charts were displayed.  Some questions were relat d to a single objective and 
others were related to more than one objective where different scenarios performed 
differently.  Another question in the survey concerned the final chart displaying all 19 
objectives included in this study for all three scenarios and the respondents were required 
to review the chart and make their choice of a prefer d scenario.  The survey is attached 
in Appendix F. 
The survey has two objectives.  First, is to find out if there is a general 
recognition, especially from the officials, that traffic congestion exists in their 
jurisdiction, if they have put any thoughts or effort to address this matter, and if there was 
any interest in the multimodal concept as a potential solution.  The second objective is to 
see how clear the charts are, and if non-transportation professionals can easily interpret 
them and respond to the questions.  Ten transportation professionals and eight officials 
responded to the survey, and the results were as follows:   
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4.14.1.  Transportation-professionals’ Survey Results: 
The transportation professionals who responded to the survey were those in 
charge of the traffic divisions of their respective jurisdictions in the state of Maryland, 
USA, and they included the ten following jurisdictions:  City of Baltimore, City of 
Frederick, City of Gaithersburg, Anne Arundel County, Baltimore County, Calvert 
County, Carroll County, Harford County, Howard County, and Frederick County.  This 
was a good mix of jurisdictions, where some are considered to be - or to be near - a big 
city such as Baltimore, MD, and others are not very close to big cities, such as Howard 
County. 
All ten jurisdictions agreed that they have a traffic congestion problem, and nine 
out of ten said that it was a priority for them to reduce congestion.  All jurisdictions 
agreed that right-of-way availability is the main challenge to pursuing traffic congestion 
solutions, followed by the lack of construction funds.   
All jurisdictions, except for Howard County, stated that there was an effort to 
promote some multimodal concept, but only 6 have pursued the installation of some 
bicycle lanes, supported light-rail extension, installed bus shelters, or subsidized bus 
service.  The top three factors that would encourage those transportation professionals to 
pursue a solution to reduce congestion were to havea solution that does not require 
additional right-of-way (90%), to address traffic safety (70%), and to include transit 
accommodations (60%).  Bicycle lanes and environmental impacts received 4 votes each.  
Finally, all jurisdictions, except for Harford County, are either working on or have 
already completed a bicycle master plan. 
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When asked about the their preferred scenario, they c ose scenario # 1 as their 
favorite in all categories independently, except for the bicycle-related objectives, where 
scenario # 3 had better results with the exclusive b cycle lane.  Overall, after 
understanding the lane configuration for all scenarios and after reviewing all results, 
seven out of ten participants chose scenario # 3, even though it did not have the majority 
of best levels of performance.  Some explained that this would be their preferred scenario 
since the percentage of trucks on this road is not high.  Some concerns, however, were 
raised about the 10.5-foot lane being slightly narrow.  The three opinions favoring 
scenario # 1 raised concerns about potential sideswp  accidents with the narrower lanes, 
and they did not want to sacrifice safety for a lownumber of bicyclists.  One participant 
suggested that scenario # 1 would be preferred if this was a part of a traffic operation 
solution for an existing condition, but scenario # 3 would be favored if the decision was a 
part of a long-term master-plan goal to encourage diff rent modes of transportation. 
 
4.14.2.  Officials’ survey results: 
The officials who responded to the survey were all from the City of Rockville, 
Maryland, USA.  The eight officials consisted of three council members, the city 
manager, the deputy city manager, two assistants to the city manager, and the director of 
the public works department. 
Interpreting the charts and choosing a preferred scnario were the main purpose of 
conducting this survey with officials.  It was interesting also to see their perspective on 
the traffic congestion issue and how they see the challenges to solve this problem. 
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All officials agreed that there was a traffic congestion problem in Rockville, and 
the majority agreed that reducing congestion had been a priority for the City.  Unlike the 
transportation professionals who agreed that the right-of-way availability was the main 
challenge to pursue a traffic congestion solution, officials voted for the challenge of 
building consensus as the main challenge.  It was followed by the lack of construction 
funds, and the right-of-way issue came in last.   
All officials supported the promotion of the multimodal concept, but when asked 
about the most encouraging factors for them to support a solution to reduce congestion, 
no need to purchase right-of-way came in first place, followed by addressing traffic 
safety and including transit accommodations.  Addressing environment impacts came in 
close fourth, and accommodating bicycle lanes was the least important factor.  It should 
be noted that this order is very similar to the order resulting from the transportation 
professional survey. 
When comparing any two performances, of which one is r lated to the safety 
impact, the officials leaned toward choosing the saf r scenario, even if it meant more 
travel time or less bicycle compatibility.  It was interesting to see the officials divided 
when making a final choice at the time all performances were displayed in one chart.  
One half of the officials chose scenario #1, which is ranked first among the three 
scenarios in the majority of the objectives.  They explained that bicycle lanes would not 
be used by enough bicyclists to justify lower levels of performance in safety, emission 
rates, and travel time.  On the other hand, the othr officials chose scenario # 3 stating 
that providing a bicycle lane is very important, and the difference in levels of 
performance for the other objectives were not much worse to convince them otherwise.     
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The survey’s results were very useful in this study.  It showed that although 
transportation professionals and officials did not agree on the order of the challenges in 
pursuing a solution for traffic congestion, they agreed that the right-of-way and the lack 
of funds are two major challenges.  They also agreed on the most important factors for 
them to support a solution, and those factors were: no need to purchase right-of-way, 
addressing traffic safety, and including transit accommodations.  Finally, when reviewing 
the charts displaying the performance measures of all three scenarios, almost all officials 
had no trouble interpreting the charts and they made intelligent decisions.  It should be 
noted that the officials were not provided with any presentations explaining the charts, 
but in reality, they would be exposed to a presentation about the project and the 
performance measures.  This should make it even easier for them to interpret the charts 
and to make an informed decision.  Finally, despite the fact that the officials did not 
unanimously agree on a final selection, they had all the information they needed to 
clearly understand the advantages and disadvantages of each scenario.  This would allow 
them to be engaged in a productive discussion before a final decision is made.  
 
4.15.  Summary of Numerical Example 
In this chapter, a numerical example was presented to demonstrate the suggested 
method to allocate and compare lane-use scenarios am ng viable modes of transportation.  
A short corridor - 1.3 miles long - with six signalized intersections and three bus stops 
was the scene of the experiment.  Tasks implemented to demonstrate the suggested 
method included identifying three different scenarios, applying traffic data into a traffic 
simulation model, and computing several factors to determine the objectives of the study.  
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For each of the three scenarios, the following measures of performance were evaluated: 
average travel speed, travel time, and delay for each of the three modes of transportation, 
bicycle compatibility index, users’ travel and delay costs, and operating costs for all 
modes.  Mobility, accessibility, and environmental and safety impacts were also 
evaluated for each scenario. 
Throughout the process, charts were developed to compare specific objectives for 
each of the three scenarios.  Performance levels for the 19 objectives were summarized 
and presented in a single chart where their values were displayed.  A sensitivity analysis 
was also conducted to provide an understanding of how t e model responds when input 
are changed.  Several different examples of the sensitivity analysis were provided.   
Finally, a survey was conducted where decision makers answered some questions 
and reviewed the charts.  They agreed that the right-of-way and the lack of funds were 
two major challenges to reduce congestion, and the majority of transportation 
professionals preferred scenario # 3 in the case study, while the officials were divided 
between scenarios # 1 and # 3. 
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Chapter V: ASSUMPTIONS AND LIMITATIONS 
 
In a study with such a high number of inputs and variables, assumptions had to be 
made to both simplify and facilitate the process.  There are also limitations to the study 
that have to be identified and should be considered as opportunities for future research to 
improve and enhance the application of the suggested method.  In this chapter, the study 
assumptions and limitations are presented.  It is important, however, to distinguish 
between the assumptions and limitations of the study itself, and those of the case study 
presented in the previous chapter.   
 
5.1.  Study Assumptions 
The right-of-way width in this study is assumed to be fixed from curb to curb for 
each travel direction (e.g., 26-foot wide in the case study).  The assumption is that this is 
the room available to explore different lane-use alloc tion scenarios, and it is up to the 
transportation engineers and planners to decide how to best allocate the road among 
different lane-uses with an existing road width alre dy in place.  Although this might be 
the case in most cities where right-of-way and resources are limited, it is probably 
possible in some areas to widen the road and allow m re space to accommodate a parking 
lane, a bicycle lane, or an extra mixed-traffic lane.  Thus, the methods developed as a part 
of this research should be useful in a variety of situations, but there is a limit to how 
many cases can be reported.  Most important is the und rstanding of the methods used 
and some of the sensitivities. 
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Land use and transportation systems are interactive as they form a combination on 
which people and businesses make their local decisions.  Transport strategies change 
accessibility, which subsequently affects land use. In turn, land use impacts trip 
generation, and thus, affecting the performance of the transport system (Ortuzar and 
Willumsen, 1994).  For example, commuting time and cost influence the choice of a 
place to live, and business location decisions are affected by the amount of traffic 
congestion and by the location of the employee’s residence.  Since land use systems and 
transportation are interdependent, it is challenging to find a model to predict one from the 
other.   
The suggested method is assumed to be applied in a uniform land use mix across 
all scenarios, and therefore, the type of land use had no effect in the study.  For example, 
when calculating the BCI in the case study, the factor “AREA” was assumed to be zero, 
for a non-residential area, throughout the corridor.  Also other adjustment factors for 
truck volumes, parking turnover, and right-turn volumes were assumed to be zero for all 
scenarios.  Those factors, however, could be taken into consideration in a more detailed 
analysis while applying the suggested method.   
The study assumed that it was important to ensure continuity and accessibility.  
Therefore, an effort was made in this area by suggesting a similar scenario of lane use to 
all segments of the road, i.e. the existence of an exclusive bus lane or bicycle lane was 
consistent along the different sections of the road.  This matter is more tangible when 
accessibility is evaluated for each scenario. 
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The effects of traffic signals and other traffic contr l devices were assumed to be 
important factors in the analysis, and therefore, wre included in the model by coding the 
related information in the simulation model.  No effort, however, was made to optimize 
the traffic signals’ timing.   
In the case study, three scenarios were identified.  There are probably other 
scenarios that could have been added for comparisons sake.  For example, a seven-foot 
parking-lane could be provided along with a six-foot bicycle lane and a 13-foot travel 
lane for mixed traffic.  In some cases, parking might be necessary, but it obviously comes 
at the expense of road capacity.  If the transportati n engineers and planners are looking 
for all possibilities, then extra effort should be made to identify more scenarios, as will be 
discussed in the next chapter.  In the case study, however, it was assumed that parking is 
available on the private properties adjacent to the corridor, and therefore, the three 
suggested scenarios – with no parking lanes - were th  most promising for this case.   
In the same line of thoughts, it should be noted that some flexibility could exist to 
allow different uses for the same scenario as a reflection of the various traffic conditions 
during different times of the day.  For example, a 12-foot bus lane can be replaced during 
non-peak periods with a seven-foot parking lane and a five-foot bicycle lane, but a 
mixed-traffic lane cannot replace a bicycle lane alone.  Another example would be to add 
a traffic lane during one peak period and/or remove a lane during the other peak period 
pending or the flow of traffic during rush hours, a implemented on Connecticut Avenue 
in Washington, D.C, USA.  It is obvious that such alternatives should be set (i.e., 
pavement markings) before implementation to allow the feasibility of such outcome. 
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More specific assumptions applied in the three scenarios include the number of 
bus stops (3) and signalized intersections (6) that exist along the 1.3-mile corridor. About 
1000 vehicles were spotted on any given section on the orthbound travel lanes of the 
road, but only 60 vehicles, 12 buses, and 16 bicycles made the trip from point (A) 
upstream to point (B) downstream.  The performance measures of these three types of 
transportation modes were analyzed.  Other vehicles entered and exited the corridor at 
different points between (A) and (B) but their performance was not included in the 
analysis.   
It should be also noted that during the analysis of the scenarios, some assumptions 
were made such as the $20.00 estimated average hourly use  time value, and the $3.00 
cost of a gallon of fuel.  These values can obviously be different from a city to another 
city, from time to time, and even from a person to person using different mode of 
transportation, as described in chapter three.  It was assumed that these amounts were 
reasonable and were adequate to conduct a comparison m ng the scenarios as long as 
the same values were applied for all scenarios.  A ensitivity analysis can also be applied 
to assess the effect of change in those values. 
 
5.2.  Study Limitations 
Although an honest effort was made to include the major factors into the analysis, 
it should be acknowledged that the study has some li itations that could be considered or 
included in future studies.  For example, this study di  not take into consideration some 
traffic-signal improvements that can contribute to improve traffic flow such as signal 
optimization and pre-emption for buses to give them priority for green light.  Traffic 
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signal improvements can contribute to the efficiency of traffic flow for different 
scenarios.  Also pedestrian considerations were not included in the study.  For example, it 
is safer for pedestrians to cross less number of lanes, even if the road width does not 
change.  It is also better for pedestrians to cross a shorter distance, but this did not apply 
to this study since the road width was predetermined.  
Although bicycles were included in this study, as well as the BCI level and 
bicycle safety, the study did not quantify other benefits of bicycling such as social 
benefits, health benefits, or benefits from right-of-way preservation.  Another unforeseen 
factor is how society would react to the addition of bicycle lanes in the future.  Since 
several cities, such as Philadelphia, PA, Baltimore, MD, and Washington, DC, in the 
United States, have been active recently in establihing bicycle master plans, there is a 
good chance that the public will start to be more accepting of the idea of bicycling to 
work and thus to use the bicycle lanes, especially with the continuous rise in fuel prices. 
As mentioned earlier, parking might be necessary, even when it comes at the 
expense of road capacity.  The suggested method does not provide, however, a tool to 
measure the need of a parking lane or its benefits, specially in a business district.  This 
matter should be dealt with on a case-by-case basis.  If it is determined that a parking lane 
is essential, approximately seven feet of the availble road width should be designated for 
the parking lane.  In case the need of a parking lae could not be determined, scenarios 
could be developed with and without the parking lane, and the performance of the 
different scenarios should help decision makers to choose their preferred scenario.  
It should be noted that the study did not include cost of bus fares in the users’ 
costs, but this factor can be easily added, if needed, especially if the analysis includes 
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factors people consider when deciding which transportati n mode to use.  Examples of 
those factors include hours and extent of service, reliability, accessibility, transit 
information, transfers, cost, appearance, comfort, pedestrian environment and amenities, 
and time spent walking to the bus stop.   
In the case study, although sensitivity analysis waapplied for different factors, 
more sensitivity analyses could be performed.  For instance, to evaluate the effect of 
mode choice on the measures of effectiveness associted with each scenario, mode choice 
shift from autos to buses and bicycles, and vice versa, could be considered.  The case 
study did look, however, at the effect of increasing the number of all modes of 
transportation under the growth-in-demand section in the previous chapter.  In other 
cases, where more than 2 traffic lanes could be available, more sensitivity analysis could 
be performed to measure the impact of the number of mixed traffic lanes on road 
capacity.      
Another limitation of the case study is that it presented a case of a short corridor, 
and therefore, the results do not offer the full picture of an urban transportation network.  
The suggested method, however, can be applied on urban t ansportation networks where 
an assessment of the ability of the overall transportati n network to carry traffic among 
various destinations can be evaluated.  Trips generated from an origin point to a 
destination point can be applied using different routes.  Mobility and accessibility, in this 
case, will be better evaluated when assessing different routes used under different 
scenarios to reach a specific point of attraction. 
Also, while assessing accessibility, performance measures for percentage of 
households (or employment) within a specific distance of a transit stop, such as ¼ mile, 
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or with access to transit service within a specific t me period, such as 15 minutes, could 
be beneficial.  A higher number in this case suggests a better accessibility is achieved.
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Chapter VI: CONCLUSION AND RECOMMENDATIONS 
 
6.1.  Conclusion 
In response to the challenge faced by transportation planners and traffic engineers, 
with the limited road space available on congested urban street networks, this study 
proposes a decision method for roadway lane designation mong different viable modes 
of transportation.  The objective of the study is to develop a multi-objective decision-
making method for transportation professionals to apply while designating travel lanes 
for the various modes of transportation in order to reach the most efficient road allocation 
scenario.  The transportation modes considered in this s udy include passenger cars 
(autos), buses, and bicycles.  The most efficient scenario was not measured only by 
delays, travel speeds, and travel times, but also by assessing efficiency for mobility, 
accessibility, and safety and environmental impacts. 
It has been noticed that in the recent years, several major cities in the United 
States such as Philadelphia, PA, Baltimore, MD, and Washington, DC, have been 
developing bicycle master plans.  This is beneficial for smart growth as well as for the 
environment and for people’s economy and health.  Tese bicycle master plans, however, 
did not consider many factors, which this study is trying to address.  The plans were 
based mostly on selecting several roads, where space is available, to build a bicycle 
network.  Factors such as travel time, traffic safety, and environmental impacts, were not 
included in the assessment.  The point is that these bicycle master plans have not been 
comprehensive when providing an evaluation for a bicycle network, or more generally 
for the urban transportation network.  This study should be considered by consultants 
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preparing bicycle master plans because it can potentially improve their studies and make 
it more comprehensive.  While assessing the benefits of adding bicycle lanes, different 
modes of transportation, their effects on each other, and their effects on the transportation 
system in general, should be considered. 
Another area where significant progress has been made in the last decade is the 
area of computer software application for both travel demand and traffic operations.  
Software such as VISSIM, PARAMICS, CORSIM, and SYNCHRO, have been upgraded 
and widely used in the recent years.  They are valuable tools to use while developing and 
comparing different transportation corridors and networks.  
Considering the phenomena of traffic congestion challenges, bicycle master plans, 
and computer software that emerged in the last two decades, a method was proposed in 
this research to contribute in improving transportation network efficiency and measures 
of performance.  This method consists of identifying different possible lane-use 
allocation scenarios for the transportation system, valuating the effect of changing lane 
allocation among the different transportation modes on the system’s efficiency, and 
selecting the most efficient scenario pending on the measures of performance of each 
scenario.   
The measures of performance in the study include travel speed, travel time, delay 
time, and users’ costs for each mode of transportati n, operating cost, BCI comparisons, 
mobility, accessibility, and safety and environmental impacts.  Since it is not possible to 
achieve an optimal solution for each of the study’s objectives, a multi-objective decision 
making framework was applied with the understanding that some subjective preference 
must ultimately lead to a single choice.  
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The study describes how the suggested method was develop d, and a numerical 
example was demonstrated where the proposed method was applied for different 
scenarios.  In this case study, an existing road section was selected in an urban 
transportation network, and three different possible lane-use allocation scenarios were 
identified.  Traffic data were applied and included distribution of modes across the lanes, 
free flow speed, existing traffic flow numbers for each transportation mode per hour, and 
occupancy rate for passenger cars as well as buses.  
A traffic simulation software, VISSIM, was used to model existing traffic 
conditions, and to determine the average speed for each travel mode, among other 
outcomes such as travel times and delays.  The model was applied to all three scenarios 
with different road-lane allocations.  During the modeling phase, one main objective was 
to evaluate the impact of each scenario on the travl speed for different modes.  The 
outcome of VISSIM, which provides the average travel sp ed for each transportation 
mode, helped answering this question.   
Using the average speeds, users’ costs of travel and delays were calculated, as 
well as operating costs for the different transportation modes.  Other measures of 
effectiveness for mobility, accessibility, safety, and environmental impacts were also 
evaluated.  Mobility was calculated by quantifying the travel time needed to reach a 
specific point of attraction such as a Central Busine s District (CBD), and accessibility 
was evaluated by quantifying the number of people that can reach a specific point of 
attraction such as a CBD, or a downstream point (B), in a specific amount of time.  
Environmental impact was assessed by comparing emission-rate data generated by 
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MOBILE6 for each scenario, and an accident prediction algorithm was applied to assess 
the safety impact, along with the BCI to measure bicycle safety. 
The question of how to assess the effect of users’ d cision of changing their mode 
choice posed itself.  There was a possibility that some users would choose a new mode of 
transportation as a reaction to new congestion patterns created by a new scenario of lane-
use.  How would the change in mode choice affect the performance of the transportation 
system in this case?  To answer this question, a sensitivity analysis was suggested to 
provide an understanding of how the model would respond to mode choice changes.   
Several other sensitivity analyses were conducted to provide an understanding of 
how the model responds to input changes.  The input change in this study can be the 
mode choice, the number of passengers per auto and per bus, the number of autos, buses, 
and bicycles in the system, user time value, fuel cost per gallon, and lane width.  Some 
examples of the sensitivity analyses were provided n the case study such as the mode 
choice, and vehicles’ occupancy.  Several runs were also performed for all scenarios 
while using different numbers of buses and bicycles, and one scenario was assessed with 
different lane widths. 
The multi-objective decision-making framework was applied to incorporate the 
multiple objectives into a process where all of them are considered regardless of whether 
they can be estimated in monetary or non-monetary terms.  Charts and visual tools were 
prepared to present the different comparisons of the different scenarios.  The case study 
ended by conducting a survey where two groups responded to different questions about 
traffic congestion, and about the charts representing the performance measures of the 
different scenarios.  The first group consisted of traffic engineers from different 
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jurisdictions in the state of Maryland, and the other group consisted of elected and non-
elected officials who frequently make decisions on tra sportation-related projects.   
The feedback received from both groups was useful and worth mentioning.  In the 
case of the transportation professionals, they all supported the multimodal concept and 
claimed that their jurisdictions support the installation of bicycle lanes, light-rail 
extension, bus shelters, or subsidizing bus service.  They claimed that the top factors that 
would encourage them in pursuing a solution for traffic congestion would include the 
existence of adequate right-of-way, potential improvements to traffic safety, and possible 
transit accommodations.  The majority of them prefer d a scenario with a bicycle lane as 
long as there is no high percentage of heavy vehicls, so that the narrower lanes would 
not jeopardize safety.  Although they ranked traffic safety as one of the most important 
factors when considering a specific scenario, the transportation professionals felt that 
commuters would prefer using a shorter path than a safer roadway.  This is opposite to 
bicyclists, who would prefer to ride on a safer - and more comfortable - bicycle route, 
even if it were a longer path to their destination.  
In the case of the officials, building consensus wathe most challenging of the 
factors when considering projects to relieve traffic congestion, followed by the lack of 
construction funds.  They agreed that traffic congestion should be addressed and they 
supported the promotion of the multimodal concept.  When it came to choosing a 
preferred scenario for lane-use allocation, the officials were divided on a final decision.  
Half of them chose a scenario with a bicycle lane, regardless if the measures of 
effectiveness were slightly in favor of another scenario without a bicycle lane.  They 
mentioned that bicycle lanes were very important, ad the difference in levels of 
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performance for the other objectives was not much worse to convince them otherwise.  
The other half preferred the scenario without a bicycle lane, but with slightly better 
measures, and they claimed that the bicycle lane would not be used by enough bicyclists 
to justify lower levels of performance in safety, emission rates, and travel time.   
In general, the numerical example showed that while t e presence of a bicycle 
lane increases the Bicycle Compatibility Index and bicycle safety, narrowing the travel 
lanes to accommodate the bicycle lane could lead to  lower performance measure for 
traffic safety in general.  It was also determined that the designation of an exclusive bus 
lane might not have a substantial positive impact on the bus-related objectives, as much 
as the negative impact it might have on passenger vehicles, which would have fewer 
travel lanes to use, such as longer travel times and delays.  
More analyses were performed to assess the variability of the results where means 
and standard deviations were calculated for all objectives.  It was clear that some of the 
results were statistically indistinguishable, and others showed clear winners (or losers).  
Furthermore, analysis was conducted to assess possible changes in the ranking of 
scenarios in the future.  The three scenarios of the case study were evaluated for the next 
10 and 20 years, with a projected annual growth rate.  The results showed that in some 
cases, a change in the ranking of some objectives took place, and in some cases, it was 
clear that one scenario emerged as the new favorite scenario.  This suggests that the 
growth in demand should be considered while assessing the different scenarios.  
This research contributes in different ways to the transportation community; it is 
an effort to improve corridor or network efficiency.  Defining a process to assess whether 
infrastructure improvement would provide an efficient transportation system is a 
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contribution of this study.  The measures of effectiveness included in this research were 
not assessed simultaneously in previous studies, which adds another dimension to the 
contribution of this study.  It also provides an application for a unique multimodal 
analysis using a traffic-operations modeling software that became very popular in the 
recent years.   
The results were accumulated and presented in a manner not influenced by 
decision-makers input.  They were simplified to allow those decision makers - who might 
not be very familiar with transportation projects – to understand the different 
performance levels of each scenario.  Another contribution of this research is the field-
testing of a suite of those performance measure charts, which was conducted by engaging 
transportation professionals and decision makers in participating in the survey described 
earlier.  And finally, some useful observations andrecommendations were generated as a 
result of applying the numerical example described in chapter four.   
 
6.2.  Recommendations 
This process confirms the need to include engineers, planners, and transit 
providers, among others, in the design discussions.  Traffic management objectives, 
public safety, and bicycle performance can sometimes conflict with each other.  
Involvement by the appropriate people is essential to  successful project (West and 
Lowe, 1997). 
As for the process itself, in case of large networks, where large number of 
scenarios can be generated automatically, a method of assigning weights to the measures 
of effectiveness, such as the analytical hierarchy process (AHP) can be applied.  This 
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process might be necessary to apply in some cases to narrow the number of scenarios to 
be evaluated in a comprehensive way. 
It is also recommended to run the model several times for each scenario with 
different random number seeds.  This should increase the accuracy and validity of the 
results.  Transportation planners should apply a reasonable growth rate projection in 
demand - that would best fit the location under study - in the proposed method to allow 
assessing the performance of the different scenarios in the future. 
Methods to evaluate each objective should also be revi wed.  It is expected that in 
the future, more software would be available, and potentially reliable models combining 
mode choice and route assignment will be available.  Also, more accurate methods to 
predict crashes, and better ways of measuring mobility and accessibility should be 
available.  There are also opportunities to add more factors to the analysis, as it will be 
described in the next section.  
While conducting the survey, it was clear that most par icipants had no trouble 
interpreting the charts presented to them.  It is recommended, however, that the results be 
provided to decision makers with a brief presentation o ensure they understand the 
charts.  This will ensure their answers correctly reflect their wishes.   
Once a scenario is chosen and implemented, it should be monitored and evaluated 
so that feedback is provided to policy makers and the public.  This will assess how the 
plan is performing and complying with the jurisdiction requirements and needs, and to 
determine if steps should be taken to keep the plan on course, or to make the plan more 
effective.  
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For roads where dramatic changes in operating conditi s are expected at 
different times of day (e.g., heavy traffic in one direction during the AM peak period and 
in the opposite direction during the PM peak period), the analysis should be conducted 
for the different peak periods.  Flexibility in allocating the lanes for different uses during 
different peak periods should also be explored and analyzed.    
Another component of making the implementation of aplan successful is to 
increase education among motorists, bicyclists, and pedestrians about traffic safety.  For 
example, Van Houten, et al. (2005) stressed on the importance of motorists looking 
before opening car doors and of parking as close to the curb as possible when parking 
next to a bicycle lane.  Enforcement should also be available to ensure compliance with 
traffic rules and regulations 
Although the study showed that reducing lane width to accommodate bicycle 
lanes, or reducing the number of lanes allocated for mixed-traffic use, slightly increased 
the travel time for motor vehicles, considerations for bicycle facilities and bicycle safety 
is very important.  It is obvious that road capacity is limited and does not grow as fast as 
the population, and therefore, other modes of transportation (e.g., bicycles and transit) 
should have opportunities to expand their facilities, specially when no significant impact 
is expected in reducing motor vehicles’ measures of performance.  If we continue to 
respond to congestion by expanding capacity for motor vehicles, while allowing transit to 





6.3.  Recommendations for Future Research 
As mentioned earlier, since this research depends o measuring the performance 
of different scenarios in different areas, enhancements to the methods of measuring those 
levels of performance can be valuable when available in the future.  Also, the research 
can be expanded to incorporate more factors to be considered while comparing different 
lane-use allocation scenarios.  This section highlights some of the potential enhancements 
and new factors to be considered in the future. 
One potential enhancement is to use some form of aut mated scenario generation 
model to provide as many scenarios as possible.  Human judgment and experience should 
be applied to eliminate some of those scenarios before the analysis begins. 
Another important potential enhancements include the use of a reliable model 
combining mode choice and route assignment, more accur te methods to predict crashes, 
and better ways of measuring mobility and accessibility.  All of which can be applied to 
the proposed method in an effort to improve the validity and accuracy of the results.  
In reference to expanding the research, one obvious area is to apply the suggested 
method on roads or networks where widening roads is an option.  In this case, the 
scenarios will not be limited to a specific width, but rather to a variety of lane and road 
widths.  The land price, right-of-way acquisition, and construction costs, should be added 
to the total cost of each scenario when conducting this research.  
If the research is expended to include more performance measures for transit, 
passenger evaluation of the service, such as frequency, reliability and span of service 
(King County Metro, 2002) should also be factors to include when evaluating the system.  
Other measures of effectiveness for transit such as cost, safety, parking availability, and 
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comfort level in a transit vehicle should be added to the assessment of each scenario.  
Those are factors that could be important in a user’s decision in choosing his/her mode of 
transportation. 
Several other factors were not incorporated in this model, and thus, are not 
reflected in the method upon which the road allocati n decision is made.  These factors 
could nonetheless be important and incorporated in the decision-making process.  Further 
research is needed to evaluate how to incorporate these factors in the road allocation 
method.  These factors include:  environmental, social, economic, safety, and ridership 
factors. 
a) The environmental factor:  Each scenario has its related emissions, such as 
nitrogen oxides and carbon monoxide, and the scenario with minimum emissions should 
be favored in this category.  Although these parts of the environment are incorporated in 
this study, another element such as noise, which can vary with different alternatives, and 
its effect, was not taken into consideration.  It has been found that traffic noise would 
increase with the increase of traffic flow, especially with larger vehicles, such as trucks 
and buses.  This is an important factor that often influences the decision making for 
roads, especially near residential neighborhoods.    
Another factor that can be further assessed is polluti n and air quality, which 
varies depending on the quality of pollution control equipment on a vehicle.  It is obvious 
that different vehicles produce different emission rates.  Although emission defaults were 
applied in the case study, as described in chapter four, future research might be needed if 
more non-conventional vehicles are traveling the roads.  Examples of such vehicles 
include hybrid, electrical, and vehicles using natur l gas or alternative fuels. 
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Finally, some other environmental factors that could be included in the analysis, 
especially for bigger projects where road widening is needed, include disturbance of 
wetlands, streams, wildlife, and plant life, and the impact on land use.  The land use 
factor for example, can influence the dynamic of tra fic flow. 
b) The social factor:  The availability of on-street parking might be a crucial 
aspect, especially on roads adjacent to residences and businesses.  Not allowing on-street 
parking might not be a favorable option due to citizens’ opposition.  Also, some citizens 
oppose bicycle lanes in some roads, regardless if the master plans call for them.  On-
street parking also can be essential for businesses that depend on high turnover such as 
restaurants, or other stores where customers frequently visit for different services, 
especially when off-street parking is not adequate or available.  This factor can be 
included in the first step when scenarios are identfi d, or during the decision-making 
phase.  
c) The economic factor:  There are several expenses related to the decision other 
than the travel user’s cost and operating costs.  For instance, one such expense is the cost 
of posting traffic signs, installing pavement marking for special lane usage and for 
different lane usage during different periods of time, and traffic signal modifications.  
Maintenance of traffic control devices is also an expense to be considered. 
d) The safety factor:  Although the safety factor is incorporated in this study for 
both motor vehicles and bicycles, more safety analysis can be investigated for future 
research.  For example, when a bicycle lane is designated, very often the lane width for 
motor vehicles is reduced, and thus, there is a potential reduction in travel speeds.  The 
impact of the bicycle lane could be considered as a negative impact on the motor vehicles 
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since travel delay increases, but from safety perspective, it could be a positive impact in 
some areas where traffic calming is needed.  
Also, the potential conflict between bus lanes, bicycle lanes, and on-street 
parking, as well as safety concerns due to the interac ion of different modes of 
transportation could be taken into consideration in future research.  
e) The ridership factor:  The increase in gas prices and the designation of 
exclusive bus lanes might increase bus ridership.  Although the effect of this factor was 
included in the study as a part of the sensitivity analysis, the effect of designating an 
exclusive bicycle lane on the change in number of bicycle riders is neglected since its 
effect is minimal and cannot be accurately determined.  Future research might investigate 
this further especially if the idea of bicycling becomes more accepted socially. 
Finally, it should be noted that factors, such as signal optimization and pre-
emption for buses, can also be incorporated in future research.  Traffic operations can 
benefit from including those components, and could have some effects on the 
performances of different scenarios. 
It is clear that this research can be expended to include many more factors.  This 
study includes the most relevant factors affecting a transportation system.  Depending on 
the size of the project, and the available resources, the analysts and decision makers 
should determine if some additional factors, such as the ones listed in this section, should 
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For Original Scenarios: 
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Sample of Mobile6 Run 



























Three Cases  
With Different Lane Widths 
For Scenario 2b: 
 
• 10-foot Mixed-Traffic Lane and 16-foot Bus Lane 
• 11-foot Mixed-Traffic Lane and 15-foot Bus Lane 
















For Three New Cases  
For Scenario # 1: 
 
• 36 Buses and 16 Bicycles 
• 60 Buses and 16 Bicycles 




















































Survey for Transportation Decision-Makers 
 
 
Please check the appropriate box next to your answer to the following questions: 
 









2) If your answer to question # 1 is yes, has it been a priority for your jurisdiction to 









3) What could be the challenge(s) to pursue such solution?  If you check more than 
one, please rank your choices. 
 
Lack of construction funds 
 
Right-of-way is not available 
 
Politics (i.e., unease to build consensus with residents, civic associations, 












Only if it has a significant potential in reducing congestion 
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5) Which factor(s) would be encouraging for you to support a solution to reduce 
congestion? If you check more than one, please rank your choices. 
 
No need to purchase right-of-way 
 
The solution includes bike lanes 
 
The solution includes transit accommodations (e.g., bus lanes) 
 
The solution addresses traffic safety 
 




The following charts present a comparison of performance measures associated with 
different lane-configuration scenarios suggested for a road section in an effort to reduce 
congestion and to improve road capacity.  Please look at the chart in each question and 
choose your favorite scenario to be implemented.  When answering the question, please 
assume all other performances/factors are being equal. 
 
 
6) When comparing the average travel time for different modes of transportation 
(autos, buses, and bicycles), which is your chosen sc ario?  
 
Scenario # 1   Scenario # 2   Scenario # 3 
 

































Scenario # 1 Scenario # 2 Scenario # 3
 
 195
7) When comparing the Bicycle Compatibility Index (BCI) – a bicycle performance 
measure – for three scenarios, which one is your chosen scenario? 
Note:  BCI focuses on evaluating the compatibility or suitability of bicycle travel 
along existing roads.  A lower BCI is better. 
 





















8) When comparing the environmental impact of three diff rent scenarios, which 
one is your chosen scenario? 
 


























9) When comparing the safety impact associated with three different scenarios, 
which one is your chosen scenario? 
 























10)  Considering both charts in questions 6 and 7 only, which is your preferred 
scenario? 
 
Scenario # 1    
 
Scenario # 2 
 




11)  Considering both charts in questions 7 and 8 only, which is your preferred 
scenario? 
 
Scenario # 1    
 
Scenario # 2    
 
Scenario # 3 
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12) Considering both charts in questions 7 and 9 only, which is your preferred 
scenario? 
 
Scenario # 1    
 
Scenario # 2    
 




13) Please choose scenario (A) or scenario (B) in the light of their performances 
shown in the following table: 
 
 Scenario (A) Scenario (B) 
Bicycle Compatibility Index 4.05 2.81 (44% better) 
Total travel time (Seconds) 203 206 (1.5% worse) 
 




14) Considering the performance results in the table below, please choose scenario 
(A) or scenario (B) 
 
 Scenario (A) Scenario (B) 
Bicycle Compatibility Index 4.05 2.81 (44% better) 
Emission Rates (NOx - Grams) 646 648 (0.3 % worse) 
 




15) Please choose scenario (A) or scenario (B) in the light of their performances 
shown in the following table.  Scenario (B) in this case includes a bicycle lane. 
 
 Scenario (A) Scenario (B) 
Number of predicted accidents 3.8 4.7 (24% worse) 
Bicycle Compatibility Index 4.05 2.81 (44% better) 
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